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Abstract—Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease and can
often lead to fibrosis, cirrhosis, cancer and complete liver failure. Liver biopsy is the current standard of care to
quantify hepatic steatosis, but it comes with increased patient risk and only samples a small portion of the liver.
Imaging approaches to assess NAFLD include proton density fat fraction estimated viamagnetic resonance imag-
ing (MRI) and shear wave elastography. However, MRI is expensive and shear wave elastography is not proven
to be sensitive to fat content of the liver (Kramer et al. 2016). On the other hand, ultrasonic attenuation and the
backscatter coefficient (BSC) have been observed to be sensitive to levels of fat in the liver (Lin et al. 2015; Paige
et al. 2017). In this study, we assessed the use of attenuation and the BSC to quantify hepatic steatosis in vivo in a
rabbit model of fatty liver. Rabbits were maintained on a high-fat diet for 0, 1, 2, 3 or 6 wk, with 3 rabbits per
diet group (total N = 15). An array transducer (L9-4) with a center frequency of 4.5 MHz connected to a Sonix-
One scanner was used to gather radio frequency (RF) backscattered data in vivo from rabbits. The RF signals
were used to estimate an average attenuation and BSC for each rabbit. Two approaches were used to parameter-
ize the BSC (i.e., the effective scatterer diameter and effective acoustic concentration using a spherical Gaussian
model and a model-free approach using a principal component analysis [PCA]). The 2 major components of the
PCA from the BSCs, which captured 96% of the variance of the transformed data, were used to generate input
features to a support vector machine for classification. Rabbits were separated into two liver fat-level classes,
such that approximately half of the rabbits were in the low-lipid class (�9% lipid liver level) and half of the rab-
bits in the high-lipid class (>9% lipid liver level). The slope and the midband fit of the attenuation coefficient pro-
vided statistically significant differences (p value = 0.00014 and p value = 0.007, using a two-sample t test) between
low and high-lipid fat classes. The proposed model-free and model-based parameterization of the BSC and atten-
uation coefficient parameters yielded classification accuracies of 84.11 %, 82.93 % and 78.91 % for differentiat-
ing low-lipid versus high-lipid classes, respectively. The results suggest that attenuation and BSC analysis can
differentiate low-fat versus high-fat livers in a rabbit model of fatty liver disease. (E-mail: oelze@illinois.
edu) © 2019 World Federation for Ultrasound in Medicine & Biology. All rights reserved.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most

common chronic liver disease in humans and its preva-

lence continues to be on the rise (Wieckowska and

Feldstein 2008). NAFLD is often used to describe the

following range of liver conditions: fatty liver, steatohe-

patitis, advanced fibrosis and cirrhosis (Angulo 2002).

Furthermore, patients with NAFLD may be at a greater

risk of cardiovascular disease (Targher 2007). NAFLD
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affects both children and adults and is considered to be a

serious health risk (Angulo 2002). With up to one-third

of the US population affected by NAFLD (70%�90% of

obese or type 2 diabetic patients have NAFLD), it repre-

sents a significant medical concern. In the spectrum of

NAFLD, falling between steatosis and cirrhosis is nonal-

coholic steatohepatitis (NASH). NASH has been esti-

mated to be present in one-third of NAFLD cases

(Farrell and Larter 2006). NASH is a serious condition

that can progress to even more serious conditions such

as cirrhosis, liver failure and hepatocarcinoma (Adams

et al. 2005; Dam-Larsen et al. 2004; Ekstedt et al. 2006;

Matteoni et al. 1999). The economic burden of this
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disease has been estimated to be $103 billion in the

United States and €35 billion in the United Kingdom,

Germany, France and Italy combined (Younossi et al.

2016). Because NAFLD spans a range of medical condi-

tions, from benign to serious, it is important to develop a

sensitive and specific screening tool to classify and quan-

tify NAFLD (Adams et al. 2005; Marchesini et al. 2005;

McCullough 2004).

Currently, a liver biopsy continues to be the gold

standard for the diagnosis of NAFLD. Histopatho-

logic assessment of NASH includes detection of fatty

changes to the hepatocytes with nuclear displacement

to the edges of the cell and ballooning of the cells

(Yeh and Brunt 2007). Other features, such as glyco-

genated nuclei and perisinusoidal/pericellular fibrosis,

may be present but may not be required to establish

a diagnosis of NASH (Brunt 2007; Wieckowska and

Feldstein 2008). Attempts have been made to develop

a standardized histologic diagnostic scoring system,

called the NAFLD activity score (Kleiner et al. 2005;

Sumida et al. 2011). The utility of this scoring sys-

tem is still under investigation and is not meant to

replace the diagnosis offered by a trained pathologist.

Even with a standardized metric for the diagnosis of

NASH, several limitations are associated with a liver

biopsy and its use as a screening tool (Sumida et al.

2014). One major limitation of a liver biopsy is the

“sampling” problem. Liver biopsies sample as little as 1/

50,000 of the total mass of the liver, which can result in

insufficient data to make a proper diagnosis (Janiec et al.

2005; Merriman et al. 2006; Ratziu et al. 2005). Second,

histologic analysis remains subjective and depends on

the experience and abilities of the pathologist (Kleiner

et al. 2005). Third, liver biopsy is an invasive procedure,

which is stressful and financially costly to the patient.

Finally, the invasiveness of the biopsy is not without

potential significant complications, which can occur in

»0.5% of cases (Wieckowska and Feldstein 2008).

Laboratory tests for detecting and evaluating patients

with suspected NAFLD include a serum panel of liver

tests (Pet€aj€a et al. 2016; Wieckowska and Feldstein

2008). However, these tests are far from perfect. For

example, it has been demonstrated that normal values for

certain liver tests (e.g., levels of alanine aminotransferase)

can span the full spectrum of NAFLD (Mofrad et al.

2003). Additional studies (enhanced liver fibrosis blood

test and FibroTest) have demonstrated that many of these

serum panels are not sensitive to both steatosis and fibro-

sis and cannot differentiate all stages of fibrosis (Baranova

and Younossi 2008; Carey and Carey 2010; Friedrich-

Rust et al. 2010; Guha et al. 2008; Lindor et al. 2004).

Various imaging techniques have been examined

for improving the diagnosis of diffuse liver disease

(Kramer et al. 2016; Mehta et al. 2008; Pacifico et al.
2007; Qayyum et al. 2009). For example, magnetic reso-

nance imaging (MRI) with proton density fat fraction

(PDFF) has been demonstrated to detect liver steatosis

with higher sensitivity than conventional ultrasound

(Cassidy et al. 2009; Mehta et al. 2008; Tang et al. 2015).

However, MRI is expensive and the sensitivity and speci-

ficity of MRI for quantifying NAFLD and differentiating

between fatty liver, NASH and fibrosis are insufficient

(Kalra et al. 2009; Mehta et al. 2008). Because of the

many people affected by fatty liver disease, MRI may be

infeasible (Lin et al. 2015; Tang et al. 2015). Furthermore,

in a study by Saadeh et al. (2002) on 90 patients with

biopsy-proven NAFLD, it was observed that X-ray com-

puted tomography (CT), ultrasound and MRI could not

accurately distinguish between NASH and isolated fatty

liver. Finally, X-ray CT utilizes ionizing radiation, which

raises concerns regarding long-term safety.

Conventional ultrasound B-mode images have been

used to detect NAFLD in cases of fatty liver because

liver echogenicity increases with the severity of

NAFLD, but with low sensitivity [Pamilo et al 1983;

Celle et al. 1988]. Although conventional ultrasound can

successfully diagnose some liver conditions, there are

several weaknesses with the use of conventional ultra-

sound for detection of liver disease. First, current con-

ventional ultrasonic techniques do not allow the

quantification of the degree of fatty liver. Second, the

effectiveness of ultrasound for liver disease detection is

reduced in patients that are morbidly obese (sensitivity

is reduced to below 40% [Almeida et al. 2008]). Third,

for conventional ultrasound to detect steatosis, the

degree of fat infiltration in the liver must be higher

than 30% (Almeida et al. 2008; Dam-Larsen et al. 2004;

Fishbein et al. 1997; Mehta et al. 2008). Fourth, conven-

tional ultrasonic imaging is highly subjective and

depends on the expertise and experience of the operator

(Zwiebel 1995). Finally, conventional ultrasound has

been unable to diagnose NASH and hepatic fibrosis or

quantify the degree of fibrosis.

Other novel ultrasonic imaging techniques have

been proposed and studied for their ability to overcome

some of the deficiencies of conventional ultrasound,

such as estimating the hepatorenal index, contrast imag-

ing or transient elastography (TE) (Iijima et al. 2007;

Kim et al. 2005; Ma et al. 2009). Among these techni-

ques, recent attention has focused on TE methods for

diagnosing diffuse liver disease. TE is a novel ultra-

sonic imaging technique that was initially validated in

patients with chronic hepatitis C, with diagnostic per-

formance similar to that of serum markers for diagnosis

of significant fibrosis (Sandrin et al. 2003). The hypoth-

esis behind TE is that fibrosis results in increased

“stiffness” of the liver (Wells 2005). Some successes

have been demonstrated for the ability to detect fibrosis,
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especially when combined with serum panel tests (i.e.,

FibroTest [Castera et al. 2005, 2008; Castera and

Pawlotsky 2005; Ziol et al. 2005]). However, even with

its ability to detect fibrosis, TE is insensitive to the fatty

liver and cannot detect NAFLD. A more recent parame-

ter, controlled attenuation parameter (CAP), is a supple-

mentary feature during liver stiffness measurements

(LSM) via vibration-controlled TE implemented by

FibroScan (Echosens, Paris, France [Sasso, et al. 2010])

used for measuring the attenuation coefficient at

3.5 MHz. CAP has shown to be correlated to histologi-

cally determined steatosis (Karlas et al. 2017). How-

ever, CAP algorithms are proprietary, only displayed

when LSM is valid and have limited applicability in

obese patients (Petta et al. 2011).

Quantitative ultrasound (QUS) techniques based

on attenuation estimation have also been examined for

monitoring normal liver (Zagzebski et al. 1993) and a

variety of disease conditions (Afschrift et al. 1987;

Lizzi et al. 1988; Lu et al. 1997, 1999; Nicoll et al.

1998; O’Brien et al. 1996; Oosterveld et al. 1993;

Suzuki et al. 1992; Thijssen et al. 1993). One of the

earliest studies involved estimating attenuation in the

liver to quantify diffuse liver disease (Suzuki et al.

1992). The slope of attenuation was estimated from

ultrasound backscatter and correlated to pathologic find-

ings (liver biopsy). Low values for attenuation slope

were associated with chronic hepatitis. These early

studies were followed by additional studies using atten-

uation to diagnose and grade liver disease (Suzuki et al.

1992). In a study using a rabbit model of fatty and

fibrotic livers, attenuation was observed to depend on

the fat content of the liver and to a lesser extent on the

fibrotic content. In another set of studies, multiple QUS

parameters were examined for liver disease diagnosis,

including the following: attenuation, envelope statistics

(1st order statistics) and power-spectral analysis (2nd

order statistics [Oosterveld et al. 1993; Thijssen et al.

1993]). These studies used QUS parameters to detect

the classes of diffuse liver disease against a population

of normal livers. The researchers found that attenua-

tion, envelope statistics, and spectral parameters were

highly important parameters for discriminating various

disease states. Similarly, Lizzi et al. (1988) examined

scattering models and spectral analysis from backscat-

tered ultrasound to interpret liver state. By providing

parameters related to the tissue microstructure, they

argued that better interpretation and insights into

disease states could be obtained (Lizzi et al. 1988;

Nicholas 1982).

More recently, QUS approaches have been utilized

to quantify fatty liver disease in humans (Lin et al.

2015; Paige et al. 2017). In one study, the average

backscatter coefficient (BSC) was estimated for patients
and compared with MRI-PDFF estimates of fatty liver

(Lin et al. 2015). The BSC was observed to correlate

with the MRI-PDFF. Furthermore, using a cohort of

204 patients with NAFLD, the BSC was able to cor-

rectly identify patients with NAFLD with an area under

the curve of 0.98. In a follow-up study, QUS was com-

pared with conventional ultrasound and MRI-PDFF for

predicting the grade of steatosis in 61 human patients

(Paige et al. 2017). In that study, the BSC and attenua-

tion were utilized for grading the degree of steatosis.

The pilot study indicated that QUS was better at grad-

ing steatosis than conventional ultrasound but was not

better than MRI-PDFF.

In our earlier study, excised livers from rabbits

that were on a high-fat diet were assessed using QUS

(Ghoshal et al. 2012). Both envelope statistics parame-

ters using the homodyned K distribution and spectral-

based parameters utilizing a spherical Gaussian form

factor were used to help classify the liver into fatty ver-

sus non-fatty. Rabbits were labeled based on the num-

ber of weeks on the high-fat diet (0, 3 and 6 wk on the

diet) and based on the Folch assay, which provided

the percent lipid levels in the liver (Folch et al. 1957).

The study found that the effective scatterer diameter

(ESD) decreased from 31 to 17 mm, and the effective

acoustic concentration (EAC) increased from 38 to 63

dB/cm2 with the increase of weeks on the high-fat diet.

Furthermore, envelope statistics parameters also tracked

the degree of liver fat in the rabbit livers.

The earlier study was limited in that it utilized

excised liver samples from the rabbits and relied on

models of scattering to parameterize the liver state. In

addition, ultrasonic interrogation occurred at frequencies

higher than 8 MHz, which is high for abdominal imaging

in humans. In this study, rabbits were on a high-fat diet

for 0, 1, 2, 3 or 6 wk and livers were scanned in live rab-

bits, using ultrasonic frequencies lower than 8 MHz.

QUS analysis was conducted using both a model-based

approach (spherical Gaussian model) and a model-free

approach (principal component analysis [PCA]) and

compared. Under the Gaussian scattering model assump-

tion, ESD and EAC can be estimated. This parametric

approach assumes a scattering model that is usually

unknown a priori and does not capture all of the nuances

in the BSC. PCA is a data transformation and reduction

method to extract new features from the BSC curves,

which might be ignored through a spherical Gaussian

form factor that is parameterized by simply fitting a line

to the log-reduced BSC curve. A support vector machine

(SVM) was utilized to quantify the classification accu-

racy instead of using descriptive statistics. The goal was

to have the flexibility to tune the decision boundary of

the classifier and visualize the boundary between

classes. In addition, attenuation coefficients were
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estimated in vivo and examined for their ability to differ-

entiate liver state in live rabbits.

MATERIALS ANDMETHODS

Animal Procedures

The protocol was approved by the Institutional Ani-

mal Care and Use Committee at the University of Illinois

at Urbana-Champaign. A total of 15 male New Zealand

White rabbits were used in the study. Each group of rab-

bits was on a controlled diet for up to 6 wk. Specifically,

they were transitioned from normal chow to a high-fat

diet throughout a 10-d period during which the portion

of the high-fat diet was increased 10% daily from 100%

chow to 100% high-fat diet (King, et al. 2009). There

were 5 different groups of rabbits with 3 rabbits per

group and each group corresponding to a different num-

ber of weeks on the high-fat diet, i.e., 0, 1, 2, 3 or 6 wk.

All rabbits were age matched and kept in house 11

wk before scanning. After the 11 wk, rabbits were

returned to normal chow 1 wk before scanning with

ultrasound. During scanning, the rabbits were anesthe-

tized with isoflurane. The area over the liver was shaved

and depilated before scanning. After scanning, the rab-

bits were euthanized while still under anesthesia. Imme-

diately after euthanasia, the liver was removed en mass.

A portion was flash frozen in liquid nitrogen and stored

at �80 ˚C for use in the Folch assay.

Ultrasonic Scanning Procedures

The liver was scanned in vivo with an L9-4/38

transducer using the SonixOne system (Analogueic Cor-

poration, Boston, MA, USA), providing an analysis

bandwidth of 3�6 MHz. A total of 50 frames of post-

beamformed radio frequency (RF) data sampled at

40 MHz were acquired for each rabbit and saved for off-

line processing. A well-characterized reference phantom

was scanned using the same system and system settings.

The composition and acoustic properties of the reference

phantom was presented in Nam et al. (2012). The refer-

ence phantom scan was used for calibration of the BSC

and attenuation estimation (Yao et al. 1990).

Liver Fat Assessment

To correlate the ultrasonic-based parameters with

the amount of fat content in the liver, the Folch assay

was carried out on the rabbit livers after scanning (Folch

1957). Immediately after scanning and while still under

anesthesia, the rabbits were euthanized, and the livers

were extracted. Each liver was then weighed, and sec-

tions were excised, flash frozen in liquid nitrogen and

stored in a �80 ˚C freezer. The Folch assay was con-

ducted to determine the lipid percentage in the extracted

livers. These values were used as the labels for the
degree of fatty liver. The rabbits were divided into two

classes based on the liver lipid percentage: class 0

included lipid percentage less than or equal to 9% and

class 1 included lipid percentage greater than 9%. The

9% threshold was chosen because this resulted in

approximately half of the rabbits below and half of the

rabbits above the threshold (i.e., 7 rabbits in class 0 and

8 rabbits in class 1).

QUS Processing

B-mode images of the livers were constructed from

the raw RF data to manually segment out regions of data

corresponding to the liver (i.e., regions of interest were

chosen for each frame). Care was taken to omit regions

in the liver that were shadowed by the ribs or other struc-

tures or that contained large blood vessels. This region of

interest was divided into various data blocks of size of 15

by 15 wavelengths (4.5 mm by 4.5 mm) of the center fre-

quency of the array probe, (i.e., 4.5 MHz). Each data

block had a 75% overlap with other data blocks. The

BSC was calculated for each data block, using the refer-

ence phantom method (Yao et al. 1990). Frequency-

dependent attenuation was compensated in the BSC esti-

mate through calculation of the local attenuation in the

liver and then using the local attenuation value for the

liver to calculate the total attenuation from the trans-

ducer surface to the region of interrogation. Because of

the specular signals coming from the layers between the

transducer and liver, it was not possible to estimate the

local attenuation in these layers. This inability to prop-

erly account for the layer attenuation and loss is a source

of error in the BSC estimates.

The BSC represents the normalized backscattered

power per unit volume of scatterers and is a fundamental

property of tissue like the attenuation. The BSC provides

a curve of magnitude of the scattered power versus fre-

quency over the analysis bandwidth of the source, which

in this case was 3.0�6.0 MHz. To characterize tissue

state based on the BSC, the BSC is often parameterized

with features related to the magnitude and shape of the

BSC curve. Usually, this is accomplished through the

use of models for scattering. However, the curve shape

can also be parameterized without the use of a specific

model. In this study, the BSC was parameterized using

(1) a common scattering model, (i.e., the spherical

Gaussian form factor model), and (2) without adopting a

model for scattering but utilizing PCA.

Attenuation was also calculated from these data

blocks, using the spectral difference method (Parker and

Waag 1983; Yao et al. 1990). The attenuation curve in

each data block was estimated using the spectral differ-

ence method and averaged over all image frames to get a

mean attenuation curve for each rabbit liver. A slope and

a midband fit at 4.5 MHz were estimated from the fitted
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line to the average attenuation curve. A two-sample t test

was used to compare different values of attenuation

slopes and midband fits to the lipid liver level.

To parameterize the BSC, the ESD and EAC were

estimated using a spherical Gaussian form factor model.

The BSC is related to the spherical Gaussian form factor

as follows:

sb fð Þ ¼ p4

36c4
f 4D6 ng2

0

� �
e�0:827p

2D2f 2=c2 ; ð1Þ

where f is the center frequency (MHz), c is the speed of

sound, D is the ESD and ng20 is the EAC (Insana and

Hall 1990). Using the method of Oelze and Zachary

(2002), the ESD and EAC can be estimated from the

estimated BSC through a least-squares optimization.

This provides two classification features for the two clas-

ses of fatty liver.

PCA finds a linear compression mapping matrix W

to transform the BSC curve x to a lower dimensional

representation y =Wx. The matrix W needs to satisfy the

property that the recovering matrix U applied to y gives

the minimal distance between the original and recovered

vectors:

W ; U ¼ argmin
W 2Rn;d; U 2Rd;n

Xm

i ¼ 1

����
����xi�UWxi

����
����
2

2

; ð2Þ

where d is the dimension of x, n is the desired dimension

of the compressed representation y and m is the number

of examples. The matrix W is orthonormal and can be

constructed by the d left singular vectors of the covari-

ance data matrix 1
m�1X

TX (and U composed of right sin-

gular vectors) [Shalev-Shwartz and Ben-David 2014]).

The eigenvector corresponding to the highest eigenvalue

is called the first principal component along which the

data have the highest variance. The next principal com-

ponent vector is perpendicular to the first principal com-

ponent and captures the second largest variance. The

lower dimension n is chosen to capture as much variance

in the data as possible. For our data, using only 2 princi-

pal components captures 96% of the variance in the

BSCs. To parameterize using the PCA, the first 2 PCA

components can be compressed. The compressed repre-

sentation y =Wx can be used as features for classifica-

tion. The two features, PCA 1 and PCA 2, are the

projections of the BSC x onto the first and second princi-

pal components w1 and w2: y1 ¼ w1x, y2 ¼ w2x where
Table 1. Average ESD, EAC and a

ESD EAC

Low lipid (5.74 § 2.11 %) 167.05 § 13.26 mm 21.13§ 5.23 d
High lipid (14.02§ 3.25 %) 118.93 § 31.17 mm 31.82§ 6.85 d
p value 0.002 0.005
w1 and w2 are the first 2 rows of W. The dimension of w1

and w2 are the same of that of the BSC x (i.e., the number

of FFT points used to calculate the power spectrum).

Classification

The training/test data sets were constructed of the

features extracted from the BSC curves (PCA or ESD/

EAC) and the attenuation curves (slopes and midband

fit), and the corresponding classes (low/high fat) based

on the fat percentage estimated from the Folch assay.

Because the number of rabbits was small, leave-one-out

cross-validation was used to evaluate the accuracy of

classification: 14 rabbits were used for training and 1

rabbit was used for testing and this process repeated

15 times to get the average accuracy. The average accu-

racy was calculated for the training and testing phases

and for the 3 feature extraction methods: model-based

versus model-free using the BSC, and combined features

from the BSC and attenuation curves.

During training, the labels (Folch assay results) and

the features (either ESD, EAC or PCA-derived features)

were trained using a supervised SVM classifier to gener-

ate the decision boundary between the two classes.

Because the features of the two classes were overlapping

and the number of examples was small, a linear SVM

was used instead of a kernel SVM to not introduce artifi-

cial bias in classification. The decision boundary divides

the feature spaces into disjoint regions corresponding to

their classes. To quantify the accuracy of the classifier,

the features in the testing set were projected to the deci-

sion space to get the predicted label for each BSC curve

in each data block. The predicted labels were then com-

pared with the true labels (from the Folch assay) to cal-

culate the accuracies. The accuracy is defined as follows:

A ¼ 1

N

XN

i ¼ 1

I yi 6¼ ŷið Þ; ð3Þ

where I is the indicator function, yi is the true output, ŷi
is the predicted output and N is the number of examples

in the test set.

The features from the BSC and attenuation curves

can be combined to improve the classification results.

Because they are not the same units and same length

scale (Table 1), a logistic regression, rather than an

SVM, was used to impose a weighted classifying

scheme. Logistic regression maximizes the likelihood
ttenuation slope, midband fit

Attenuation slope Attenuation at 4.5 MHz

B/cm3 0.06 § 0.15 dB/cm/MHz 3.42 § 0.85 dB/cm
B/cm3 1.09 dB § 0.2 dB/cm/MHz 5.48 § 1.38 dB/cm

0.00014 0.007
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function:

L ujxð Þ ¼
Y

i

Pr yijxi; uð Þ; ð4Þ

where the probability of a feature vector xi is of class

yi = 1 and yi = 0 are:

Pr Y ¼ 1jX; uð Þ ¼ 1

1þ e�uTX
; ð5Þ

and

Pr Y ¼ 0jX; uð Þ ¼ 1� Pr Y ¼ 1jX; uð Þ

¼ e�u
TX

1þ e�uTX
; ð6Þ

where uTX ¼ u1x1 þ u2x2 þ u3x3 þ u4x4 þ u5.

As an example, one feature vector X ¼ ðx1; x2; x3;
x4Þ is composed of the extracted ESD, EAC from the

BSC curve, attenuation slope and the attenuation mid-

band fit from the attenuation curve. The weight of each

feature (u1, u2, u3, u4) can be interpreted as relating to the

log of the ratio of the probability as follows:

uTX ¼�ln PðY ¼ 0jX; uÞ
PðY ¼ 1jX; uÞ : ð7Þ

If the feature x1 increases by one unit, the odds ratio

PðY ¼ 0jX;uÞ
PðY ¼ 1jX; uÞ decreases by a factor of exp(u1).
RESULTS

The results from the Folch assay are provided in

the box plot in Figure 1. The general trend was that
Fig. 1. Liver lipid percentages for 15 rabbits. Rabbits with lip
plotted in orange. The number of weeks o
the longer the rabbit was on the high-fat diet, the

higher the lipid level percentage. For example, the

lowest lipid percentage occurred for rabbits that were

not on the high-fat diet and the highest lipid level

recorded occurred for a rabbit on the high-fat diet for

a total of 6 wk. The histopathology result was well-

correlated with the Folch assay results. We observed

no lipidosis in the control group (3.27%, 3.29%,

4.10%). For the rabbit with highest Folch score (lipid

level percent 20.66%), it was the only rabbit to

receive a steatosis grade 5 with severe hepatic lipido-

sis. The remaining rabbits received a steatosis grade

of 1 (subtle, minimal hepatic lipidosis), 2 (mild

hepatic lipidosis), 3 (moderate hepatic lipidosis) or 4

(marked hepatic lipidosis) by the pathologist. Similar

to what was observed from histopathology in our ear-

lier study for rabbits on a high-fat diet, fat vacuoles

accumulated in the hepatocytes of the livers with

higher lipid content causing the cells to swell in size

(Ghoshal, et al. 2012).

Figure 2a presents the average attenuation slopes

and midband fits at a frequency of 4.5 MHz and their

standard deviations for 14 rabbits where the low-lipid

class is presented (blue) and the high-lipid class is pre-

sented (orange). The extracted data block of rabbit 1

was too small to reliably estimate the attenuation. There-

fore, the attenuation estimated from rabbit 2, having a

similar liver lipid percentage level, was used for attenua-

tion compensation for the estimation of the BSC curves

of rabbit 1. The higher the fat percentage, the higher the

slope and midband fit. For example, Figures 2b and 2c

plot the attenuation slope and midband fit as a function
id �9% are plotted in blue. Rabbits with lipid >9% are
n diet presented at top of each bar.



Fig. 2. (a) Attenuation slopes versus midband fits for 14 rabbits. Each circle point is the mean over all acquired frames.
The bar represents the standard deviation. The lipid percentage is presented next to each data point. (b) The attenuation
slopes versus lipid percentages for 14 rabbits. The straight line is the linear fit (R2 = 0.415). (c) The attenuation midband

fits versus lipid percentages for 14 rabbits. The straight line is the linear fit (R2 = 0.71).
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of the lipid percentage. Linear regression fits were also

plotted with coefficients of determination of 0.415 and

0.71 for the attenuation slope and midband fit, respec-

tively. The average slope and the average midband fit

were extracted and are presented in Table 1 along with

values estimated from the BSC (i.e., ESD and EAC).

Statistically significant differences were observed for the

averaged slope and midband fit between the two classes.

Another observation is that the rabbit with 20.66% had a

similar attenuation slope as the rabbit with the Folch

score of 7.5 %; however, the attenuation midband fit in

dB/cm for the 20.66% rabbit was twice that of the 7.5%

rabbit. Hence, the attenuation over the analysis band-

width was still higher for the 20.66% rabbit than for the

7.5% rabbit.

Figure 3a presents the averaged BSC for all rabbits

combined with low-lipid class and the high-lipid class.

The graphs indicate that, as the fat in the liver increases,

the BSC increases in magnitude, which has been demon-

strated in other studies on fatty livers in rabbits (Ghoshal
et al. 2012). The BSC was parameterized using a model-

based and model-free approach to better classify the

liver state. Figure 3b shows 2 examples of the averaged

BSC and the standard deviations over 50 frames for 2

rabbits of ID 6 (lipid percentage 7.5 %) and ID 9 (lipid

percentage 10.92 %).

Figure 4a plots the estimated averaged ESD and

EAC and standard deviations computed from the BSCs,

using the spherical Gaussian form factor and using atten-

uation compensation for each rabbit based on the attenu-

ation estimates for that rabbit. Figures 4b and 4c plot the

ESD and EAC as a function of the lipid percentage. Lin-

ear regression fits were also plotted with coefficients of

determination of 0.23 and 0.47 for the ESD and EAC,

respectively. The average ESD and EAC are summa-

rized in Table 1 and plotted in Figure 5. Statistically sig-

nificant differences between low-lipid and high-lipid

classes were also observed using the ESD and EAC

parameters (p < 0.05). Again, similar trends were noted

in the ex vivo study of fatty rabbit livers where higher fat



Fig. 3. (a) Average BSC of two classes: The higher lipid (>9%) BSC is presented in orange, the lower lipid (�9%) is
presented in blue. (b) The averaged BSCs (red) and standard deviations (blue) for 2 rabbits ID 6 (7.5 % lipid), and ID 9

(10.92 %) over 50 frames.
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content resulted in estimates of smaller ESD but

increases in EAC (Ghoshal et al. 2012).

Figure 5 presents plots of each individual param-

eter versus the lipid percentage level. The general

trends indicate an increased attenuation slope, mid-

band fit and EAC versus lipid level with some obvi-

ous outliers. Similarly, the ESD tended to decrease

with higher lipid levels.

Table 2 lists the classification accuracies for the two

classes with the 9% lipid-level threshold and using
various ultrasound-based features. When comparing the

BSC-based approaches, the PCA approach performed

similarly to the model-based approach in both training

and testing. Figure 6 shows a feature analysis of the 2

PCA collapsed components, indicating that the PCA was

able to differentiate between the two classes of liver.

We implemented the classifier using two

approaches: (1) classifying from every data block from

each frame or (2) averaging the data blocks over a frame

and classifying based on frames. Attenuation had a



Fig. 4. (a) The averaged ESDs and EACs and their standard deviations of 15 rabbits. The lipid percentage is presented
next to each data point. (b) ESDs versus lipid percentages for 14 rabbits. The straight line is the linear fit (R2 = 0.23). (c)

EACs versus lipid percentages for 14 rabbits. The straight line is the linear fit (R2 = 0.47).
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higher differentiation ability than the BSC when looking

at the frame-based level and averaging over 50 frames

(Table 2). However, the attenuation estimate variance

for each frame was high, which reduced the accuracy of

classification. The BSC estimates consistently had lower

variances across data blocks and across frames and

yielded similar classification results when using each

data block and when averaging over a frame.

The features estimated from the BSC and the atten-

uation-based features were concatenated to classify by a

logistic regression classifier. The results of the logistic

regression classification using four concatenated features

are provided in Table 2. The attenuation of rabbit 1 was

not available and was not included in training and testing

of the concatenated features. Combining ESD and EAC

with attenuation slope and midband fit or the PCA
features with the attenuation slope and midband fit

improved the classification performance when using

frame-based over the BSC-based features alone. The

average weights for each feature when combining ESD,

EAC with attenuation slope and midband fit across 15

testing folds are plotted in Figure 7. The ESD feature

had negative weights, which agrees with the opposite

changes observed with EAC in Table 1. ESD weights

were the lowest in magnitude, to compensate for the

large magnitudes of ESD features compared with the

other features.
DISCUSSION

An in vivo rabbit model of fatty liver was used for

testing the ability of QUS techniques to classify liver



Fig. 5. Mean ESD and EAC for 2 lipid level classes. ESD, EAC features are statistically significant to differentiate the
two classes (p value = 0.002, p value = 0.005).

Table 2. Blocked-based classification versus frame-based classification accuracy for various types of feature extraction methods

Features
ESD and
EAC

First 2 PCA
components

Attenuation slope and
midband fit

ESD, EAC, attenuation
slope, attenuation
midband fit

PCA 1, PCA 2, attenuation
slope, attenuation
midband fit

Classifier SVM (%) SVM (%) SVM (%) Logistic regression (%) Logistic regression (%)
Blocked based Training accuracy 88.00 87.62 80.71 92.15 91.94

Test accuracy 84.08 83.97 66.20 86.74 85.32
Frame based Training accuracy 88.42 88.14 83.78 94.66 93.15

Test accuracy 84.11 82.93 78.91 93.38 88.67
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state into low-lipid and high-lipid classes. Rabbits were

maintained on a high-fat diet for different numbers of

weeks and then scanned ultrasonically. Specifically,

QUS parameters from estimates of the attenuation and

BSC were used to classify livers into a low and high liver

lipid percentage. The total liver lipid percentages were

estimated from the Folch assay and corresponded closely

to the number of weeks on diet. The 9% threshold of
liver lipid levels was chosen to obtain approximately the

same number of rabbits into the two classes. A different

threshold could be chosen based on clinical relevance.

However, it should be noted that changing the threshold

would also change the accuracy of the results presented

in this study. For example, if the threshold was to change

to 10%, the rabbit with the lipid of 9.81% would be mis-

classified, given its high-attenuation slope and low ESD.



Fig. 6. Presented are 2 PCA features for 15 rabbits. The lipid percentage is presented next to each data point.
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The p values are still strong for attenuation (p

value = 0.006 for attenuation slope, p value = 0.002 for

attenuation midband fit) and EAC (p = 0.025) but would

be weaker for ESD (p value = 0.1) because of the very

low ESD values obtained for this rabbit.

The R2 values of individual QUS parameters and the

lipid percentages were small, because there were high var-

iances in QUS estimates, making them less linear. Even

so, each individual parameter provided some predictive

value for lipid liver percent, although in some cases the

predictive capability of the individual features was low.

However, when combining all QUS parameters in a linear

model, the R2 value was 0.79. An R2 value of 0.79 signi-

fies a strong predictive value of the combined feature set.

The attenuation and BSC demonstrated the ability

to differentiate between low-lipid and high-lipid classes

in live rabbits. Statistically significant differences

(p value = 0.00014, and p value = 0.007 using the two-

sample t test) were observed between the slope and the

midband fit of the attenuation curves for the low-lipid

and high-lipid level classes. The BSC-derived features

using PCA performed similarly as the ESD and EAC

features derived from a spherical Gaussian model for

classifying the rabbits into low-fat and high-fat classes.

PCA features are more spatially compact than ESD

and EAC features and potentially more robust to the noisy

outliers. A simple monotonic change in the features versus

increases in lipid levels were not observed. However, gen-

eral trends were observed for the attenuation (e.g., the slope
tended to increase with increasing lipid levels). Other

dimensionality reduction methods similar to PCA to find a

compressed representation of the data exist such as local

linear embedding (Roweis and Saul 2000) or multidimen-

sional scaling (Kruskal 1964). However, PCA is generally

more robust to noise in the data compared with the afore-

mentioned methods.

The results from Table 2 suggest that to obtain good

classification, the attenuation should be averaged over all

the data blocks in an image frame to reduce the variance

of the estimate. The variance in the BSC estimate is

much lower per data block compared with the attenua-

tion estimate. Majority voting over block prediction in

each frame can be used to provide an average parameter

estimate for an image frame. However, the improvement

was insignificant and was not shown here.

In an attempt to improve the results of classification

above that achieved using only the BSC-derived features

or only the attenuation-derived features, the BSC-derived

features were combined with attenuation curve features

and the logistic regression classifier was used on the com-

bined feature set. Logistic regression automatically scales

the features, as shown in Figure 7. Improved classification

with the combined set was observed over both, using BSC-

derived features and using attenuation-derived features.

Variance in average parameter estimates from one

rabbit to the next could account for some of the misclas-

sification based on the feature sets. The variance of esti-

mates from in vivo scanning was expected to be higher



Fig. 7. The averaged weights across 14 validation folds of the 4 features of the trained logistic regression classifier. The
ESD weights are negative and small compared with the others.
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compared with an earlier study where excised liver sam-

ples from rabbits on a fatty diet were scanned (Ghoshal

et al. 2012). In the in vivo data, intervening layers

between the liver and the transducer were observed and

these layers would affect the signal-to-noise ratio in the

data, could result in contamination of the data from

reverberation and provide frequency-dependent losses of

signal not accounted for properly. A transmission loss

estimation method might improve the accuracy of the

classification by reducing the variance of estimates. In

humans, this is expected to be more of a problem

because layers between an ultrasonic probe and the liver

can vary greatly in thickness and fat content resulting in

a wider range of loss.

The lower accuracy of the classifier based on parame-

ters derived from the attenuation compared with BSC

curves are attributable to the variance of attenuation esti-

mates within a single rabbit being higher than BSC esti-

mates within a single rabbit. The misclassification of the

BSC curves might be attributable to the transmission

losses, inconsistent coupling from one rabbit to the next,

unaccounted skin layer thickness of the rabbits and errors

in the manual segmentation of the liver. Not accounting
for these variations from one rabbit to the next would pro-

duce a higher variance of the average BSC estimates,

which would degrade classification performance. As an

example, although the Folch assay results provided similar

values for rabbits with the 9.81% and 8.2%, their ESD and

attenuation slope values differ by a factor of approxi-

mately 2 and 4, respectively. Correctly estimating the

transmission loss or the attenuation in the layers between

the transducer probe and the liver is still an open problem.

However, it should be noted that estimation of attenuation

from the backscatter is less likely to be impacted by these

losses because the attenuation estimation technique uses

relative estimates of power spectra from multiple depths.

The effects of the layers on one depth should theoretically

be the same at a slightly larger depth.
CONCLUSION

This study compared a model-based approach with

a model-free approach to parameterize the BSC and clas-

sify livers from rabbits into low-lipid or high-lipid liver

level classes. The model-free approach utilized the PCA

to parameterize the BSC and classified using a
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supervised SVM. Local attenuation estimation also pro-

vided the ability to classify rabbits into low-lipid and

high-lipid liver classes. The BSC was not as strong for

classifying the liver lipid levels into the two classes com-

pared with attenuation alone. Combining BSC-based

estimates with attenuation resulted in improved classifi-

cation compared with the BSC-based estimates alone.
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