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Abstract: Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease. The
noninvasive and accurate classification of NAFLD is still a challenging problem. In this study we pro-
posed a new quantitative ultrasound (QUS) technique, which combined multiple QUS parameters for
distinguishing steatosis stages. NAFLD was induced in the livers of 57 rats by gavage feeding with a
high fat emulsion, while 8 rats were given a standard diet to serve as controls. Ex vivo ultrasound mea-
surement was conducted for capturing the radiofrequency signal. Six QUS parameters were extracted
and selected for linear combination. The results show that the overall performance of the combined
parameter is better than that of the single QUS parameter. The accuracy, sensitivity, specificity, and
area under the receiver operating characteristic curve (AUROC) while using our proposed method to
distinguish mild steatosis (stage S1) from the steatosis under stage SO are 90.1%, 0.93, 0.88 and 0.97
respectively. In conclusion, the proposed method in this study can make up for the deficiency of single
parameter and improve the quantitative staging ability of fatty liver, and thus could play an important
role in the diagnosis of NAFLD.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a multi-system disease that not only causes liver
function damage, but also affects other organs [1, 2]. For example, patients with NAFLD have a higher
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mortality rate of liver disease and non-liver disease than ordinary people [3]. Therefore, the accurate
assessment of the severity of NAFLD is critical for the prevention, diagnosis and treatment of fatty
liver-related diseases. The pathologic definition of NAFLD is that more than 5% of liver hepatocytes
have macro steatosis. NAFLD represents a spectrum of diseases ranging from simple steatosis to
nonalcoholic steatohepatitis, which can progress to liver fibrosis, cirrhosis, and hepatocellular carci-
noma [4].

Even though liver biopsy is considered as the gold standard for NAFLD diagnosis, it has inherent
disadvantages such as invasiveness, complications, and being subjective [5, 6]. Conventional medi-
cal imaging methods for NAFLD diagnosis include computed tomography (CT), magnetic resonance
imaging (MRI) and ultrasonography (US) [7, 8, 9, 10]. Among these modalities, US is the most com-
monly used method for NAFLD diagnosis because it is non-invasive, non-radiative, real-time, and
inexpensive. It is suitable for people of all ages, including pregnant women and children, and is not
limited by medical history [11]. Conventional ultrasound imaging is a semi-quantitative assessment.
Therefore, it is subjective and relies on the experience of the operator [12]. However, quantitative ultra-
sound (QUS) imaging can provide specific tissue features and increase the specificity of conventional
US. It has been widely applied in the liver fat quantification [13, 14].

Envelope statistics and spectral-based techniques are two major categories of QUS technique. Both
of them have demonstrated success in NAFLD applications, providing additional diagnostic capabil-
ities [13]. The envelope statistics technique utilized the shape and attributes of the envelope of the
backscattered ultrasound to estimate the information about the underlying tissue microstructures. Var-
ious models and their derivations for the statistics of the envelope, such as the Nakagami model, the
Rayleigh model, and the homodyned-K model, have been proposed over the past few decades for the
biomedical ultrasound applications [15]. For the NAFLD diagnosis, the Nakagami model is currently
the most frequently used one [16, 17, 18].

Spectral-based techniques include the estimation of attenuation coefficient (AC) and its derivatives,
the estimation of backscatter coefficient (BSC) and its derivatives such as the effective scatterer diam-
eter (ESD) and the effective acoustic concentration (EAC) of scatterers. These techniques utilize the
amplitude, frequency and phase information in the ultrasonic RF signal and also have the ability to
observe tissue microstructures. Paige et al. explored the diagnostic performance of AC and BSC for
predicting histology-confirmed steatosis grade in NAFLD patients. Their results suggested that QUS
parameters may be more accurate and provide higher interobserver agreement than CUS [19]. Yang et
al. used the integral backscatter coefficient to evaluate the liver fat concentration after liver transplanta-
tion, and observed that the integrated backscatter coefficient (IBC) has a good correlation with liver fat
concentration [17]. Lin et al. investigated the QUS measurements of BSC identify steatosis in animal
models and found that BSC can accurately diagnose and quantify hepatic steatosis [21]. Ghoshal et al.
studied ESD and EAC and the results indicated that the two parameters are sensitive to fat content in
the liver [22].

The primary purpose of this study is to combine multiple QUS parameters using an efficient fusion
method to obtain an optimal characteristic parameter. We identified six commonly used QUS param-
eters to measure different liver fat concentrations, and selected several parameters with better staging
effects for combination. The diagnosis performance of the combined parameter was evaluated and
compared with that of the single QUS parameter. To the best of our knowledge, this is the first study
to combine multiple QUS parameters for evaluating liver steatosis grade.
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2. Methods and materials

2.1. Animal model

The NAFLD rat model was supplied by the Guangdong Experimental Animal Center. The animal
experiment obtained the review of the Experimental Animal Ethics Committee of Shenzhen University.
The experimental rat weighed between 180 and 200 g. The culture environment of the experimental rat
model was sterile and constant, the temperature and humidity of culture environment were maintained
at 20 — 60° and 40 — 70%, respectively. A total of 65 rats were involved in the study. The rats were
randomly divided into the control group (8 rats) and the fatty liver group (57 rats). The rats in the
control group were fed with a standard diet with sterilized food and water, while for those in the fatty
liver group a high fat emulsion (20% lard, 10% cholesterol, 20% sodiumcholate, 0.5% propylthiouracil,
and 30% fructose) was given once a day at 1 mL/100 g rat weight, for different numbers of days to
induce different severity stages of steatosis. After 2, 4, 6, and 8 weeks, the rats were humanely killed
for analysis. Specifically, the right lateral lobe of the liver was used for QUS measurements, while the
rest lobes were for histologic assessment. It should be noted that the steatosis grade was ultimately
determined by the histologic assessment, rather than the length of feeding time of the rats. Moreover,
all procedures conducted in our study had been approved by the Animal Care Committee of Shenzhen
University and the Guangdong Medical Laboratory Animal Center.

2.2. Histological assessment

Excised liver tissues were fixed in 10% formalin solution for at least 24 h. After washing and dehy-
drating, samples were embedded in paraffin and sliced to a thickness of 7 um. The paraffin slices were
stained with hematoxylin-eosin (HE) by histopathology technicians, and analyzed using a microscope
(BX41, Olympus, Pittsburgh, PA) by an expert pathologist. According to the percentage of hepatocytes
containing macrovesicular fat droplets, the severity grades for steatosis were defined as follows [23]:
S0<5%,81=5%—-33%,52 =33-66%, and S3 > 67%. For an illustration, example sliced images
for liver tissue sections with different steatosis stages are shown in Figure 1, where (a), (b), (c), and
(d) represent normal liver, mild fatty liver, moderate fatty liver and severe fatty liver, respectively. It
can be seen that hepatocytes containing macrovesicular fat droplets are increasing from (a) to (d) in
the figure. The percent of hepatocytes containing macrovesicular fat droplets serves as the quantitative
measurement for the determination of steatosis stage.

Figure 1. Example sliced images of isolated liver tissue under different steatosis stages: (a),
(b), (c), and (d) are for normal liver, mild fatty liver, moderate fatty liver and severe fatty
liver, respectively.
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2.3. Ultrasound measurement

In an ex vivo experiment, the right liver lobe was processed and embedded in a fabricated gelatin
phantom (gelatin from porcine skin, G2500, Sigma-Aldrich, St. Louis, MO, USA) in a container
(11 x 11 x 7 cm). The objective for such design was to simulate the tissues that lie between the
ultrasound probe and liver in vivo. A modified ultrasound scanner (M5, Mindray, Guangdong, China)
with a linear array probe (71.4S) was used to capture the RF data. The center frequency of the probe is
7.5 MHz and the sampling frequency is 30 MHz. Each rat liver tissue phantom was scanned ten times
and the ultrasound images and the corresponding RF data were stored for offline processing.

2.4. QUS parameter estimations

The ultrasound image was reconstructed from the corresponding RF data. Then the region of inter-
est (ROI) is selected in the reconstructed image as shown in Figure 2. Six different QUS parameters
were calculated based on the ROI which was divided into several sub-ROIs according to different
algorithms. Here we just briefly introduce their definitions.
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Figure 2. Selection of ROI area in ultrasound B images and ultrasound B images of isolated
rat liver: the image area covered by the red grid indicates the region of interest (ROI) con-
sisting of eight sub regions, from which the QUS parameters (LC values for the sub regions)
obtained by using the proposed method are averaged for analysis.

2.5. Nakagami statistical parameters

We used the Nakagami statistical model to analyze the envelope and estimate the shape parameter
m and the scaling parameter U [24]. The envelope of the RF signal was calculated by the Hilbert
transform. The typical relationship between the RF signal and envelope waveform is shown in Figure
3. The probability density function (pdf) of the envelope signal x, which can be approximated as a
Nakagami model with two parameters (m, U) as follows:

2m™
T(m)u™

2m

Fx) = ! exp(—%xz), @.1)
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Figure 3. Ultrasonic RF signal and its corresponding envelope information.

where 7(-) is the gamma function, the parameters m and U are represented as:

A:m@Qiﬁm_% i (). 22)

_ 2
0.5001 +0.16495 — 0.05448% o o)

I A (2.3)
MLE 8.8989 + 9.0600A + 0.9755A2 £ 05772 < A < 17 .

A(17.7973 + 11.96854 + £2)
U =log(E(x*)). (2.4)

2.6. Attenuation coefficient slope (ACS)

The attenuation coeflicient slope as a function of frequency is expressed in dB/MHz/cm and is
obtained by the following equation [25]:

NG L) S VLD Ly g 2.5)
where S (f, Z;) denotes the power spectrum at depth Z;, S (f, Z,) denotes the power spectrum at depth
Z,, f is the frequency, d denotes the distance between Z, and Z,, d = Z, — Z,, Z, and Z, are the
distance from the probe to the ROI (in cm). S, and S, denote ACS of reference phantom and tissue
(dB/MHz/cm), respectively. We also normalized the power spectrum by dividing the measured power
spectrum by the standard power spectrum, which is denoted as

Ss(f.Z

(f. ), (2.6)
S, (f,2)
where S ((f, Z) denotes the measured power spectrum, S ,(f, Z) denotes the reference power spectrum,
Z is depth.

S(f.2) =
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2.7. Integrate backscatter coefficient (IBC)

The integrate Backscatter coeflicient, expressed in dB, is estimated using [22]:

1 f max
IBC=——— BSC(f)df, (2.7)
fmin - fmax Sonin

where BS C(f) is the ultrasonic backscatter coefficient, which is estimated in accordance with the
method described by [26]:

7 1 R2k2a2
BSC = 10log,, ‘; 82 ’Z; exp(4ﬁrZ)O632 £ ( 2)2 (2.8)
S Fsarl1+ (4

where R, is the reflection coeflicient from the plane reflector (assumed to be one), k is the wave vector,
a is the transducer radius, F is the transducer focal distance, / is the thickness of segmentation window.

2.8. Effective scatterer diameter (ESD) and effective acoustic concentration (EAC)

From a microscopic point of view, the backscattered theoretical power spectrum can also be ex-

pressed as [27]:
18514°a, . f* pzia,
Wthero(f ) = 2
1+2.66(fqacr)

where f is the frequency (MHz), a.¢s denote the effective scatterer diameter (ESD) (mm), p is the
scatterer concentration (mm™), Z,, = % is relative acoustic impedance of the scatterer and its sur-
rounding medium, pz?,, denote the effective acoustic concentration (EAC), [ is the window length
(mm), g is the transducer aperture.

The power spectrum is linearly fitted in the bandwidth by the least squares fitting method based on
frequency f. The spectral slope and the intermediate frequency amplitude are m, and M, respectively.
The effective scatter diameter (ESD) and effective acoustic concentration (EAC) are obtained by the

following equation, respectively:

e—(3.487faeff)2’ (2.9)

cs b)n — s
ESD = |83 mm (2.10)
g4(fe)
M—4.341n E=g\(fo.b)n—g2(fo)az
exp 434
EAC = D) , (2.11)
Gt

where g1, g2, g3, g4 are constants, b is the fractional bandwidth, E is a constant related to the aperture
and focal length, and 7 is set as 4 for the biological tissue are isotropic scatterers.

2.9. Combination of multiple QUS parameters

To select the appropriate parameters for predicting NAFLD, a univariate analysis was performed on
the parameters mentioned above. Four parameters (m, U, IBC, EAC) showed as the most significant
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predictors for the NAFLD stage. These four parameters were then used for construct a combination
model. An optimal linear combination of the four parameters was used to improve the prediction of
mild steatosis (stage > S1). The method proposed by [28, 29] was used to determine the optimal linear
combination which has the greatest AUROC out of all the possible linear combinations. The combina-
tion coeflicients and corresponding cut-off values were calculated. Comparisons of the performances
between the single parameters and their linear combination were performed.
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Figure 4. Distribution of six characteristic parameters at different hepatic fat concentrations.
Subfigures from (a) to (f) are box plots of different quantitative parameters respectively for
the shape parameter m and the scaling parameter U, the attenuation coefficient slope (ACS),
the integrated backscattering coefficient (IBS), the effective acoustic concentration (EAC)
and the effective scatterer diameter (ESD). In each subfigure, middle bar represents the me-
dian value for the parameter across different rat samples, bottom and top of the box represent
the 25th and 75th percentiles, respectively, and the whiskers represent the minimum and
maximum values. It can be clearly observed that the parameter m, U, IBC, EAC are well
correlated with the NAFLD stages (SO, S1, S2, S3).

3. Results

The box plots of the six QUS parameters for different NAFLD stages are shown in Figure 4. In this
figure we can clearly observe that the parameter m, U, IBC, EAC are well correlated with the NAFLD
stages. The formula of the optimal linear combination was

LC=5xU+m-18xIBC +0.3 x EAC. 3.1

As mentioned earlier, the coefficients in the equation were determined by using the method reported
in [28, 29], which explores the information carried by the marker values in different testing groups and
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Table 1. Classification Performances of QUS Parameters and the Combined Parameter.

Parameters m U IBC EAC Combination
AUC 0.790 0.898 0.926 0.701 0.970
stage > S1 ACC 0.726 0.804 0.825 0.655 0.901
Sen 0.467 0.647 0.724 0.933 0.938
Spe 1.0 0.966 0.945 0.378 0.877
AUC 0.953 0.817 0.841 0.777 0.933
stage > S2 ACC 0.916 0.718 0.703 0.720 0.894
Sen 0.835 0.576 0.718 0.447 0.894
Spe 0.835 0.880 0.772 0.861 0.897
AUC 0.857 0976 0.972 0.996 0.933
stage = S3 ACC 0.814 0.936 0.932 0.967 0.976
Sen 1.0 1.0 1.0 1.0 1.0
Spe 0.84 0.854 0.855 0.971 0.963

employs the Fishers linear discriminant function for the optimization. The resultant linear combination
provided us the maximum value of AUROC for better steatosis assessment. The box plot of the com-
bined parameter for different NAFLD stages is shown in Figure 5. The performance of the combined
parameter was analyzed and compared with those of the single parameter. The ROC curves of the six
QUS parameters and the combined parameters for differentiating NAFLD stages are shown in Figures
6 and 7, respectively. The performance of different parameters are listed in Table 1.
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Figure 5. Box plot of the combined parameters at different hepatic fat concentrations.
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4. Discussions

Liver fatty deposits not only cause damage to liver tissue, but also cause lesions in other tissues.
Studies have shown that NAFLD is more than just a liver disease, it is can also aggravate the inci-
dence of diabetes and cardiovascular diseases [30]. Moreover, quantitative assessment of donor hepatic
steatosis is critical in liver transplantation for the success of surgery [31, 32]. Therefore, it is of great
clinical importance to accurately assess of the severity of NAFLD.

Various QUS parameters have been developed in previous studies for the NAFLD diagnosis. These
parameters can assess the hepatic fat quantification from different aspects. How to combine these
parameters for improving the diagnosis performance is still challenging. A recent study explored a
multiparametric approach by combining QUS parameters to test the discriminate performance between
the stages of liver fibrosis [33]. Linear discriminant analysis was used in that study for combining
multiple parameters. This study applied a different combination method which is based on the criteria
of maximizing the AUROC. The AUROC is used extensively in research to express discriminating
power and diagnostic performance. Therefore, the combination method used in this study has unique
advantage. It has the greatest AUROC out of all the possible linear combinations, ensuring that the
performance of the combination is better than that of any individual method.

As shown Table 1, the four QUS parameters have different performances in distinguishing different
steatosis stages. For distinguishing > S1, > S2, and =S3, IBC, m, EAC have the greatest AUROC:S, re-
spectively. Therefore, there is no one single parameter that is completely better than other parameters.
The combination method can extract complementary information from different parameters compen-
sate for the lack of a single characteristic parameter. It can be observed that the combination parameter
has the highest AUROC than those of any single parameter for distinguishing > S1. For other stages,
although the combination parameter cannot achieve the highest AUROC compared with single param-
eter, it can improve the overall performance.

One limitation of our study comes from the animal model. The effectiveness of the proposed method
was demonstrated using the NAFLD rat model. Its performance on human subjects need to be further
tested through extra experiments. It would have been ideal to recruit clinical patients who have only
varying levels of steatosis severity. However, this was a challenging task because steatosis, inflam-
mation and fibrosis may precede or develop in parallel with the liver disease. Animal models of the
spectrum of NAFLD provide the necessary tools to overcome confounding variables, such as genetic
heterogeneity, and environmental factors, including diet and lifestyle. Given the difficulty of study-
ing all the factors involved in steatosis in human populations, the animal model may have helped to
improve our understanding of the physiopathology of the disease. Another limitation of the study is
that ultrasonography was examined in ex vivo samples. In our study, we conducted ex-vivo liver ex-
periments in order to isolate the liver fat factor from the confounding environment experienced in vivo
experiments, so that the problem for NALFD can be examined independently. For the assessment of in
vivo livers, other factors such as heart beat and blood flow must be considered as well. It could be rec-
ognized that the examination of the individual fat factor in ex-vivo livers can provide useful reference
information for relevant studies in the in vivo experiments, as the QUS technique explores the mi-
crostructures of livers, the changes of which from in vivo to ex vivo are limited. In our future work, we
shall deliver more efforts to extent the proposed technique to assess in vivo livers in rats and humans by
taking the confounding environment into account. In addition, our work did not include comparisons
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between quantitative US or their combined parameters and the standard ultrasound techniques utilized
clinically. Adding relevant comparisons may provide more comprehensive interpretation of the results.
Moreover, it should be noted that quantification of liver fat based on the US technique is one way to
assess liver disease in NAFLD. However, liver inflammation cannot be measured with US. Fibrosis is
the strongest and most relevant indicator of disease progression and can be more accurately quantified
via biopsy and elastography [34].

5. Conclusion

We have proposed a multiparametric approach to explore the QUS parameters to differentiate be-
tween different steatosis stages. The findings show that this approach can make up for the deficiency
of single parameter and improve the quantitative staging ability of fatty liver, and thus could play an
important role in the diagnosis of NAFLD.
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