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Abstract—Liver fibrosis is the common result of chronic liver disease. Diagnosis and grading liver fibrosis for
patient management is mainly based on blood tests and hepatic puncture-biopsy, which is particularly invasive.
Quantitative ultrasound (QUS) techniques provide insight into tissue microstructure and are based on the fre-
quency-based analysis of the signals from biologic tissues. This study aims to quantify how spectral-based QUS
parameters change with fibrosis grade. The changes in QUS parameters of healthy and fibrotic rabbit liver sam-
ples were investigated and were compared with the changes in liver stiffness, using shear wave elastography.
Overall, the acoustic concentration was found to decrease with increasing fibrosis grade, and the effective scat-
terer size was found to be higher in fibrotic livers when compared with normal liver. The result of this study indi-
cates that the combination of three QUS parameters (stiffness, effective scatterer size and acoustic concentration)
provides the best classification performance, especially for classifying healthy and fibrotic livers. (E-mail:
franceschini@lma.cnrs-mrs.fr) © 2019 World Federation for Ultrasound in Medicine & Biology. All rights
reserved.
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INTRODUCTION

Liver fibrosis results from the chronic damage to the

liver tissue in association with the excessive accumula-

tion of extracellular matrix (ECM) proteins, which is a

hallmark feature of a wide variety of chronic liver dis-

eases (Bataller and Brenner 2005). In nations where the

Western lifestyle is led, the most common causes of

hepatic fibrosis are chronic hepatitis C virus infection,

non-alcoholic steatohepatitis and alcohol abuse (Pelli-

coro et al. 2014). The accumulation of ECM proteins,

specifically the collagen, alters the architecture of

hepatic tissue by forming fibrous wounds. The subse-

quent development of nodules of regenerating hepato-

cytes outlines the cirrhosis (Lee et al. 2014). This last

one leads to increased intrahepatic resistance to blood

flow and hepatocellular dysfunction, which induce a por-

tal hypertension and hepatic insufficiency, respectively.

Hepatic-puncture biopsy is the gold standard method

to stage liver fibrosis, a biomarker of advanced liver
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disease (Lee et al. 2018). However, liver biopsy is an inva-

sive and potentially painful technique. In addition, the het-

erogeneity of pathologic liver tissue may lead to a selection

bias of the biopsy (Fernandez-Salazar et al. 2011). In this

context, several ultrasound elastography methods (such as

transient elastography, acoustic radiation force impulse or

shear wave elastography [SWE]) have been developed for

the noninvasive assessment of liver stiffness, as a

quantitative ultrasound (QUS) imaging biomarker for

detection, staging and monitoring of liver fibrosis

(Tang et al. 2015a,b). Indeed, the collagen deposition and

other microstructural changes associated with hepatic fibro-

sis induce parenchymal rigidity. This liver stiffness

increases with higher fibrosis stages. Today, the liver stiff-

ness is used to evaluate the gravity of liver disease, to man-

age treatment decision and to assess response to treatment

(Bhat et al. 2017; Chen et al. 2018; Ippolito et al. 2018).

Using current histologic techniques with hematoxylin and

eosin staining and with picrosirius red staining, pathologists

classify the fibrosis stages, using ordinal scores (i.e., from

stage 0 to stage 6 with Ishak grading), and ultrasound imag-

ing data provide a dichotomized categorization of fibrosis

stages, including the significant (stage �2) and advanced
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(stage �4) liver fibrosis stages (Tang et al. 2015a,b). This

different classification observed between histologic and

imaging techniques might be explained by the sensitivity

of both techniques. Indeed, pathologists perform a semi-

quantitative analysis of the location and amount of excess

collagen but also microstructural changes in the liver tissue

architecture (Hui et al. 2004; Kleiner et al. 2005; Theise

2007). Such histologic analysis demonstrated that there is

no linear correlation between the fibrosis stage and the total

amount of collagen, thus suggesting that fibrosis stage is

not stated exclusively by the total collagen content

(Calvaruso et al. 2009; Xu et al. 2014). Indeed, the total

amount of collagen remains almost stable from the stage 0

to higher stages, until an advanced fibrosis stage is reached,

subsequently the total collagen content exponentially

increases. These studies clearly reported that the intra-

hepatic location of collagen and the liver tissue remodeling

contribute to the fibrosis stage. Consequently, the exponen-

tial relationship described between the liver stiffness and

the fibrosis stage strongly suggests that ultrasound elastog-

raphy is more a direct biomarker of total amount of colla-

gen than fibrosis stage.

To overcome these limitations, combinations of

non-invasive QUS techniques can be used to improve

accuracy and to provide a comprehensive assessment of

the stages of liver fibrosis. Spectral-based QUS techni-

ques using the parameterization of the backscatter coeffi-

cient (BSC) have demonstrated success in many

preclinical and clinical applications for tissue characteri-

zation (Oelze and Mamou 2016). Specifically, a scatter-

ing model is fit to the measured BSC and the fit

parameters can provide a meaningful description of the

tissue microstructure (i.e., scatterer size, shape, scatter-

ing strength and spatial organization). One of the most

popular scattering models is the spherical Gaussian

model (SGM) developed by Lizzi et al. (1986). This

model describes tissue as a random medium composed

of spherical structures, having continuous spherical

impedance fluctuation following a spherical Gaussian

curve, and yields the two following QUS parameters: the

average effective scatterer size (ESD) and the acoustic

concentration (EAC)—i.e., the product of the scatterer

number density and the square of the relative impedance

difference between scatterers and the surrounding

medium. Some spectral-based QUS studies have been

performed to characterize liver fibrosis. In clinical trials,

the BSCs at the center frequency of 3 MHz were found

to be higher in patients with liver cirrhosis, when com-

pared with a healthy patient group (Lu et al. 1999;

O’Donnell and Reilly 1985). In ex vivo experiments, the

attenuation coefficient, sound speed and integrated BSC

with a 20-MHz pulse-echo system allowed a reasonable

segregation of patient groups suffering from different

fibrosis grades (Meziri et al. 2005).
This study aims to quantify how spectral-based

QUS parameters change with fibrosis grade. Liver fibro-

sis was induced by repeated subcutaneous injections of

carbon tetrachloride (CCl4) in the neck of rabbits. Atten-

uation and backscatter coefficients were estimated over

a wide frequency range (up to 40 MHz) from fresh rabbit

liver samples, using the spectral difference method and

the reference phantom method, respectively. The two

QUS parameters (ESD and EAC) were estimated by fit-

ting the measured BSC to an estimated BSC calculated

with the SGM theoretical model. The changes in QUS

parameters of healthy and fibrotic livers were investi-

gated and were compared with the changes in liver stiff-

ness using SWE. Finally, we evaluated whether

correctly classifying fibrotic livers was possible, based

on these QUS estimates.
MATERIALS ANDMETHODS

Rabbit liver fibrosis model

All procedures were performed in accordance with

French and international ethical guidelines and were

approved by the National Committee for Animal Care and

Ethics in Animal Experiments (No. 2016020116011353-

3872). A total of 18 New Zealand white male rabbits

(Charles Rivers, Bois des Oncins, France) were housed in

a temperature-controlled room (23˚C) with 12:12-h light-

dark cycle in isolation cages. Food and water were present

ad libitum.

During the injection protocol and B-mode imaging,

the rabbits were anesthetized by 3% isoflurane (Isoflo,

Coveto, Limoges, France) and oxygen via a facial oxy-

gen mask in place throughout the procedure. This anes-

thesia was limited to 20 min, and a thermostatically

controlled pad was used to maintain body temperature at

about 37˚C plate. The rabbits were 9 wk of age at the

beginning of the experiment, weighing an average 2.5 §
0.2 kg. To induce liver fibrosis, a dose of 0.2 mL/kg

CCl4 (Sigma-Aldrich, St. Louis, MO, USA) as a 50%

(v/v) solution in olive oil was subcutaneously adminis-

tered twice a week during several successive weeks

(from 3 wk up to 12 wk) because the grade of liver fibro-

sis is related to the duration of CCl4 injection (Li et al.

2018). Experimentation used 18 animals distributed in

five groups. The first four groups corresponded to injec-

tion protocols of 3 wk (n = 4 rabbits), 6 wk (n = 4 rab-

bits), 9 wk (n = 3 rabbits) and 12 wk (n = 3 rabbits). The

fifth group (n = 4 rabbits) were left untreated to generate

control data. The progression of liver fibrosis was moni-

tored twice a week, using an Acuson Sequoia ultrasound

system (Siemens Healthcare GmbH, Erlangen, Ger-

many) with an Acuson 15L8 ultrasound probe. An expert

medical doctor (L.A.) reviewed the ultrasound B-scans

of healthy and fibrotic livers.
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After liver fibrosis induction, the rabbits were

euthanized under anesthesia by intravenous injection of

1 mL/kg Dol�ethal (V�etoquinol S.A., Magny-Vernois,

France). For each rabbit, the liver was excised and

immersed in degassed saline solution to be ultrasonically

imaged for QUS analysis as described later in this report.

(Ex vivo study was conducted to allow high-frequency

measurements up to 40 MHz and to explore liver micro-

structure properties, as discussed later in the Results and

Discussion section of this report).

SWE

Real-time SWE was performed, using an Aixplorer

UltraFastTM system (SuperSonic Imagine, Aix-en-Pro-

vence, France), equipped with a linear array probe (SL15-4)

with a center frequency of 8.5 MHz to determine the liver

stiffness ex vivo. Elasticity estimates were color coded, cre-

ating a two-dimensional quantitative SWE image of liver

stiffness, which was shown in box form over a conventional

B-mode image. For each animal, liver stiffness measure-

ments were acquired on all three liver lobes. For each lobe,

three round regions of interest (ROIs) were placed in the

box on the gray-scale ultrasound image. Liver stiffness was

expressed as the mean§ standard deviation of elastic mod-

ulus (kPa) of three liver lobes.

Spectral-based quantitative ultrasound method

High-frequency ultrasound imaging was performed

using the Vevo 2100 imaging system (FUJIFILM - Visu-

alSonics Inc., Toronto, ON, Canada). Two linear array

probes, MS250 of center frequency 20 MHz and MS550

of center frequency 40 MHz, were used in B-mode to

estimate tissue microstructures on the three liver lobes

of each rabbit. For each liver lobe, 10 consecutive

frames were acquired on three different locations. One

frame is formed from 512 scan lines. The orientation

and the position of the probe were chosen to prevent the

presence of specular echoes originating from the veins

or arteries in the scan plane.

For the two linear array probes, reference scans

were acquired from a well-characterized reference phan-

tom after conducting the experiments on rabbit livers

with the same imaging system settings (Yao et al. 1990).

The reference phantom was provided by the University

of Wisconsin (Madison, WI, USA) and consisted of

6 g/L of glass beads with radii ranging from 0.4 mm to

6 mm in a gel-surrounding medium. The reference phan-

tom has been characterized to measure its backscatter

coefficient BSCref on the 10�40 MHz frequency band-

width using a planar reflector and focused transducers

having different center frequencies 10, 20 and 35 MHz

(Chen et al. 1997). The measured BSCref magnitude was

comparable with BSC magnitudes from rabbit liver tis-

sues (e.g., BSCref ¼ 0:0018 ¢ cm�1 ¢ sr�1 at 10 MHz and
BSCref ¼ 0:0166 ¢ cm�1 ¢ sr�1 at 20 MHz). The sound

speed and acoustic attenuation were quantified by the

manufacturer using a standard narrowband through-

transmission substitution technique (Madsen et al.

1982). The sound speed was equal to 1535 m/s and the

measured attenuation was fitted with the following func-

tion: aref ¼ 0:055f 1:544 ¢ dB=cm, where f is the fre-

quency in MHz. This fitting curve is valid in the

frequency range from 10 to 40 MHz.

Signal analysis for attenuation and BSC computa-

tion is performed in selected ROIs placed on the ultra-

sound B-mode images of liver lobe. The ROIs are drawn

as large as possible, with a minimum of 200 scan lines.

QUS images based on BSC analysis depict tissue proper-

ties in a system-independent manner. The reference

phantom technique was employed for local attenuation

and BSC estimation to account for the electromechanical

system response and the depth-dependent diffraction and

focusing effects of the ultrasound beam (Labyed and

Bigelow 2011; Yao et al. 1990). The local attenuation as
was first estimated using the spectral log difference

method with the 40-MHz probe (Labyed and Bigelow

2011). The measured BSCmeas was then computed using

the reference phantom technique with both 20-MHz and

40-MHz probes (Yao et al. 1990). The BSCmeas of the

liver sample was computed as follows:

BSCmeans fð Þ ¼ BSCref fð Þ Pmeas fð Þ
Pref fð Þ e4z as fð Þ�aref fð Þð Þ; ð1Þ

where f is the frequency, BSCref is the BSC of the refer-

ence phantom measured by using a planar reflector and

focused transducers (as described earlier in this report).

The Pmeas and Pref are the power spectra for the liver

sample and reference phantom at equivalent depth z.

The last term (i.e., the exponential function) compen-

sates for attenuation effects. This procedure yielded a

BSCmeas for each probe: in the 10�30 MHz bandwidth

with the MS250 probe and in the 20�40 MHz bandwidth

with the MS550 probe. The resultant two BSCmeas could

be combined to yield a single BSCmeas over the com-

bined bandwidth of the two transducers (i.e., 10�40

MHz). More specifically, there is at least one intersec-

tion point (at frequency fI) between the two BSCmeas

curves within the 20�30 MHz frequency bandwidth,

such that the two BSCmeas curves are combined by using

the BSCmeas measured with the MS250 probe in the ½10
MHz�fI� bandwidth and the BSCmeas measured with the

MS550 probe in the ½fI�40MHz� bandwidth.
For each ROI, two QUS parameters, namely the

ESD and EAC, were obtained by fitting the measured

BSCmeas with the SGM (Insana et al. 1990). The SGM is

based on several approximations (Born, far-field, inci-

dent plane wave and isotropic medium) for soft-tissue

scattering. Based on these approximations, the BSC is



Table 1. Effect of CCl4 on survival and loss of body weight

Loss of body weight (>10% initial)

Wk of CCl4 injection �3 wk of CCl4 Study end Survival

0 0/4 0/4 4/4
3 1/2* 0/2* 2/4
6 0/3y 0/3y 3/4
9 3/3 0/3 3/3
12 3/3 0/3 3/3

* Two rabbits are dead before the third week of CC14 injection.
y One rabbit is dead before the third week of CC14 injection.
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modeled using a spatial autocorrelation function describ-

ing the size, shape, acoustic properties and distribution

of the scatterers in the medium, and is expressed as fol-

lows (Insana et al. 1990):

BSCSGM kð Þ ¼ k4V2
s hz

4p2
e�2k

2d2 ¼ k4V2
s hz

4p2
e�0:827k

2a2 ; ð2Þ

where k is the wavenumber, nz is the acoustic concentra-

tion (i.e., EAC ¼ nz), d is the correlation distance that

characterized the continuous isotropic medium and

Vs ¼ ð2pd2Þ3=2. The effective scatterer radius a is

related to the correlation distance d by setting values of

Vs for a continuum model equal to the volume of an

effective sphere of radius a : Vs ¼ ð2pd2Þ3=2 ¼ ð4=3Þp
a3 (Insana et al. 1990). The ESD has been related to the

size of dominant scatterers in liver tissues (i.e.,

ESD = 2a). The reported ESD and EAC parameters are

averaged over the three measurements performed on

each lobe.
Histopathology

Livers were fixed in the 4% formol solution (Labo-

moderne, Paris, France). Then, histologic samples were

embedded in paraffin, cut at approximately 5 mm and

prepared using conventional hematoxylin and eosin and

picrosirius red protocols (Novaxia, Saint-Laurent Nouan,

France). These tissue sections were examined by light

microscopy on a Leica Diaplan microscope. Histologic

slides were reviewed by an expert hepatopathologist (Le

Net Pathologist Consulting, Amboise, France). The liver

fibrosis was graded according to the Ishak grading (Ishak

et al. 1995), a grading system with a 7-tier scale, offering

high discriminant descriptive power suitable for research

purposes (Almpanis et al. 2016).
Fig. 1. In vivo and ex vivo observations of healthy and fibrotic
livers. Representative anatomical ultrasound images of (a)
healthy and (b) fibrotic (grade 5) liver. Representative macro-
scopic images of (c) healthy and (d) fibrotic (grade 5) liver.
RESULTS AND DISCUSSION

Effects of CCl4 on rabbit behavior and on liver anatomy

Upon visual inspection of the rabbits, all CCl4

treated animals were generally less groomed and less

active compared with the untreated control group. In

addition, three CCl4 treated animals were dead before

the study ended, and a significant loss of body weight

(i.e., >10% of initial body weight) was also observed in

7 out of 15 surviving animals in the first three weeks of

CCl4 injection (Table 1).

In this study, B-mode ultrasound imaging was cho-

sen to monitor the effects of CCl4 administration on

liver anatomy. During the first 2 wk of CCl4 injection,

neither liver failure nor behavioral anomalies (i.e., loss

of appetite, dehydration, loss of body weight and breath-

ing difficulties) was observed in all studied rabbits.

However, after 3 wk of CCl4 injection, abdominal ultra-

sound imaging revealed an increase in the liver
echogenicity in all CCl4 treated animals. Figure 1 (a, b)

shows representative B-mode images of healthy and

fibrotic (grade 5) liver with 12 wk of CCl4 injection.

The fibrotic liver shown in Figure 1b presents an accu-

mulation of fluids in the abdominal cavity, also called

ascites, that suggests a hepatic failure. The qualitative

analysis of abdominal images from all the studied rabbits

should suggest that the amount of fluid in the abdominal

cavity increased with the number of CCl4 injections. At

the study end, the necropsy confirmed the presence of

ascites in the abdominal cavity of all CCl4-injected ani-

mals. In addition, these rabbits had a strong discoloration

of the liver tissues in comparison with the control group,

as it can be observed in Figure 1 (c, d).



Fig. 2. Examples of histologic images of healthy and fibrotic livers stained using hematoxylin and eosin and picrosirius
red.

Table 2. Grade of fibrosis in the liver according to the Ishak
grading
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Histopathologic analysis

To confirm the induction of liver fibrosis, histopath-

ologic analysis was performed on liver tissues. As shown

in Figure 2, the picrosirius red staining clearly indicates

an excessive accumulation of collagen around the lobule

structures, confirming that the repetitive administrations

of CCl4 induced liver fibrosis. Despite intra-individual

and inter-individual variations in hepatic responses to

CCl4 administration, the amount of fibrosis was homo-

geneous across the three hepatic lobes for each rabbit. In

addition, minimal haemosiderosis (i.e., indicator of pre-

vious hemorrhage) was present in all treated animals.

Table 2 presents the relationship between the fibrosis

grades and the weeks of CCl4 injection. The amount of

fibrosis increases with the duration of CCl4 injection

protocol, as expected. Based on Ishak grading, the rabbit

livers were classified within different grades (denoted G

in the following): G0 with no fibrosis (4 rabbits), G1 (2

rabbits), G2 (2 rabbits), G3 (2 rabbits), G4 (3 rabbits)

and G5 (2 rabbits). No liver cirrhosis (G6) was detected.
Wk of CCl4 injection 0 3 6 9 12

Number of rabbits 4 2 3 3 3

Grade 0 (control) 4 — — — —
Grade 1 — 2 — — —
Grade 2 — — 2 — —
Grade 3 — — 1 1 —
Grade 4 — — — 1 2
Grade 5 — — — 1 1

Grade 6 (cirrhosis) — — — — —
QUS parameter estimates

Typical examples of SWE images are shown in

Figure 3, and the average Young’s modulus of all grades

are summarized in Table 3. Young’s modulus values were

on the order of several thousands of Pascals and noticeably

increased with the fibrosis grade, as expected. The statisti-

cal analysis using the Pearson correlation method reveals
that the liver fibrosis score was positively correlated with

the Young’s modulus (p< 0.0001), as expected.

The attenuation was found to depend linearly on

frequency, within the 20�40 MHz frequency bandwidth.

The mean values and standard deviation of attenuation

coefficients were equal to 0.58 § 0.13, 0.85 § 0.07, 0.87

§ 0.09, 0.83 § 0.08, 0.89 § 0.07 and 0.91 § 0.09 dB/

cm/MHz for G0 (normal), G1, G2, G3, G4 and G5,

respectively. An averaged attenuation coefficient was

thus found to be higher in fibrotic livers. This trend cor-

relates well with experimental results conducted at

20 MHz by Meziri et al. (2005): attenuation coefficients

were found to be equal to 0.76 dB/cm/MHz and 1.06 dB/

cm/MHz for normal and cirrhotic livers, respectively.

Typical examples of measured BSCmeas are pre-

sented in Figure 4. The BSCmeas magnitudes from

fibrotic livers were greater than those from normal liver



Fig. 3. Representative shear wave elastography images of ex vivo healthy and fibrotic livers.
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in the 10�22 MHz frequency bandwidth, as observed in

the literature (Lu et al. 1999; O’Donnell and Reilly

1985). Table 3 also presents the average and standard

deviations of the spectral-QUS estimates for the fibrotic

grade livers. Overall, the EAC decreased with increasing

fibrosis grade and the ESD was found to be higher in

fibrotic livers when compared with normal liver for both

10�20 MHz and 10�40 MHz frequency bandwidths.

The abilities of QUS parameters to differentiate

among grades of fibrosis were assessed using one-way

analysis of variance. Statistically significant differences

were quantified using p values <0.05. The p values are

presented in Table 3. For example, p values for G0 ver-

sus G1 refers to the significance of QUS parameters esti-

mated from animals with no fibrosis with G0 and fibrosis

with G1. The p values for [G1-2] versus [G3-5] refers to

the significance of QUS parameters estimated from ani-

mals with moderate fibrosis with G1 and G2 (denoted

G1-2) and with severe fibrosis �G3 (denoted G3-5). The

Young’s modulus, ESD and EAC parameters (p value

< 0.05) can be used to differentiate between G0 and G1

and to differentiate between normal and fibrotic livers.

The Young’s modulus and EAC parameters (p value

< 0.05) can be used to differentiate between moderate

(G1-2) and severe (G3-5) fibrosis (but not the ESD).

None of the parameters enables the graduation of the
Table 3. Mean and standard deviation of QUS parameters estimate

QUS param

Fibrosis grade Young’s modulus (kPa) ESD (mm)

Grade 0 5.89 § 1.34 22.6 § 1.9
Grade 1 7.93 § 1.62 34.9 § 2.4
Grade 2 9.25 § 1.76 31.8 § 2.4
Grade 3 10.07 § 1.83 31.0 § 1.6
Grade 4 11.46 § 1.94 33.6 § 3.0
Grade 5 12.99 § 2.07 33.4 § 3.1
p values
G0 versus G1 0.0026 0.0001
G0 versus [G1-2] 0.0000 0.0000
G0 versus [G3-5] 0.0000 0.0000
[G1-2] versus [G3-5] 0.0000 0.5926
G2 versus G3 0.3939 0.6991
fibrosis in 6 grades (from G0 to G5). Only the ESD and

EAC parameters estimated at high frequencies using the

10�40 MHz could differentiate G2 and G3.

Usefulness of high-frequency measurements

To our knowledge, this is the first time that high-

frequency measurements up to 40-MHz center frequency

probe are reported in ex vivo livers. High-frequency

measurements cannot be used in a real clinical condition,

but are useful to obtain a more robust estimation of the

scatterer size and to progress further in the understanding

of backscattering from fibrotic livers. It is very interest-

ing to observe the frequency dependence of the BSCmeas

in the case of normal liver that shows a peak of magni-

tude around 30 MHz (see the black curve in Fig. 4). The

ESD estimated with the SGM was found to be equal to

19.5 mm in the 10�40 MHz frequency bandwidth. How-

ever, it is known that the SGM may not bring a meaning-

ful description of the tissue microstructure in the case of

complex media, such as dense and/or polydisperse scat-

tering media (Franceschini et al. 2016). To better inter-

pret this peak around 30 MHz, the BSCmeas was fitted

with the polydisperse structure factor model, allowing

the simultaneous estimation of the scatterer diameter dis-

tribution, the volume fraction and the relative impedance

contrast (Franceschini et al. 2016). As presented in
d for different fibrosis grades and their statistical significance

eters 10�20 MHz QUS parameters 10�40 MHz

EAC (dB/cm3) ESD (mm) EAC (dB/cm3)

49.0 § 2.3 19.5 § 1.2 52.3 § 1.3
45.9 § 1.5 26.7 § 0.7 50.6 § 1.0
45.7 § 1.8 25.0 § 1.2 50.4 § 0.5
44.7 § 0.8 26.1 § 0.9 47.5 § 0.9
44.6 § 1.1 26.1 § 2.0 48.9 § 1.0
43.9 § 1.3 25.9 § 1.3 48.3 § 0.7

0.0320 0.0001 0.0135
0.0068 0.0000 0.0001
0.0000 0.0000 0.0000
0.0484 0.9559 0.0000
0.3939 0.0931 0.0022



Fig. 4. Typical examples of measured BSCs from ex vivo
healthy and fibrotic livers, using the two probes of center fre-
quencies 20 MHz and 40 MHz. Also represented are the fitted
curves with the SGM (dotted line) and with the polydisperse
SFM (dashed line) for the healthy liver. The SGM estimates
the ESD and EAC; whereas the polydisperse SFM estimates
the scatterer size distribution, the volume fraction ’ and the rel-

ative impedance difference gz.
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Figure 4, the polydisperse structure factor model sug-

gests that this peak is representative of ESD�28 mm,

which is quite close to the hepatocyte diameter

d�26 mm (as deduced from the area surface of hepato-

cytes observed in histologic slices). However, even with
Fig. 5. Representative B-mode images obtained from ex vivo
quency 40 M
high-frequency measurements and advanced scattering

models (such as the structure factor model), we were

unable to establish a relationship between QUS scatterer

property estimates and actual fibrotic liver structures.

Note that the QUS parameters obtained from the struc-

ture factor model with fibrotic livers were not presented

in this study because the SGM was found to be more effi-

cient than the structure factor model for grading the

fibrotic liver (data not presented).

Figure 5 shows typical examples of B-mode images

obtained from ex vivo healthy and fibrotic livers using

the 40-MHz center frequency probe. The B-mode

images of healthy liver display hyper-echogenic struc-

tures with hexagonal shapes corresponding to liver lob-

ule structures; whereas fibrotic livers show more

homogeneous speckle. Therefore, the connective tissue

of lobular boundaries plays also an important contribu-

tion in the scattering process, in addition to the contribu-

tion of the cellular/hepatocyte scattering. Future studies

should be focused on the understanding of scattering

contribution from the connective tissue of lobular

boundaries, collagen fibers and cellular/hepatocyte

microstructure in normal and fibrotic livers, using, for

example, acoustic models of tissue microstructure,

referred to as impedance maps (Luchies and Oelze 2016;

Mamou et al. 2005; Tamura et al. 2017).
healthy and fibrotic livers using the probe of center fre-
Hz.



Fig. 6. (a) and (b) Confusion matrices obtained from the sepa-
ration in training and validation groups when considering the
Young’s modulus E alone and the spectral-QUS parameters
alone. (c), (d) and (e) Confusion matrices obtained from the
leave-one-out cross validation when considering the Young’s
modulus E alone, the spectral-QUS parameters alone and the
combination of spectral-QUS parameters with Young’s modu-
lus. Also presented are the percentages of correctly classified

lobes, denoted as Pc.
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The ability of Young’s modulus and spectral-QUS

parameters for classifying liver grades was studied using

the Gaussian mixture model ([GMM]McLachlan and Peel

2000). For this study, we use only the ESD and EAC esti-

mated within the 10�20 MHz bandwidth, which corre-

sponds to a more accessible frequency bandwidth in usual

ultrasound devices. The classification was performed by

fitting a Gaussian mixture distribution model to the N clas-

ses of the QUS data. The classification was tested for the

following three classes (N = 3): no fibrosis with G0 (4 ani-

mals); moderate fibrosis with G1 and G2 (4 animals); and

severe fibrosis with G3, G4 and G5 (7 animals). When

considering the stiffness parameter or the tissue micro-

structure parameters (ESD and EAC), the classification

was first performed by using all the 135 data (correspond-

ing to 15 animals£ 3 lobes/animal£ 3 measurements/

lobe). The data were separated in two groups: half of the

135 data were assigned randomly to a training group, and

the other half was assigned to a validation group to test the

classification on the model obtained with the training

group. Figures 6 (a, b) represent the confusion matrices

that summarize the classification results when considering

the Young’s modulus alone and the spectral-QUS parame-

ters alone. When combining the three QUS parameters

(Young’s modulus, ESD and EAC), the classification was

performed by using the QUS parameters averaged over

the three measurements for each studied lobe (i.e., 45

measurements corresponding to 15 animals£ 3 lobes/ani-

mals), because the stiffness and tissue microstructure

measurements were not performed on the same ROI. In

that case, the separation in training and validation groups

was not performed because of the low number of data but

a classification using the leave-one-out cross validation

was used. For the purpose of comparison, the GMM asso-

ciated with the leave-one-out cross validation was used by

processing the same 45 averaged measurements when con-

sidering the stiffness parameter alone and the spectral-

QUS parameters alone. The confusion matrices obtained

from leave-one-out cross validation are present in Figure 6

(c�e), when using the Young’s modulus alone, the spec-

tral-QUS parameters alone and the combination of spec-

tral-QUS parameters with Young’s modulus, respectively.

Overall, the separation in training and validation

groups allows us to better classifying the lobes when

compared with the leave-one-out cross validation

(Fig. 6a�d). It can be observed that the class G0 is

always better classified (Pc� 83% of correctly classified

lobes) when the spectral-QUS parameters (ESD and

EAC) are considered, whatever the classification meth-

ods used (Fig. 6b for the separation in training and vali-

dation groups, and see Fig. 6 d and e for the leave-one-

out crossvalidation). The fibrotic livers (classes G1-2

and G3-5) are also better classified using the
combination of the three QUS parameters (Young’s

modulus, ESD and EAC), when compared with the clas-

sifications obtained with the spectral-QUS parameters or

with the Young’s modulus alone (Fig. 6c�e).

The results obtained in this study suggest that the

combination of spectral-QUS parameters with Young’s

modulus resulted in improved classification compared

with Young’s modulus alone. Further study should be

conducted on in vivo livers to confirm the added value of

the spectral-QUS parameters for fibrosis classification.

Indeed, this study is limited to ex vivo liver samples,

such that the BSC data were simply compensated for

liver attenuation. Challenges for in vivo application are

to correctly account for attenuation effects and transmis-

sion losses. Even if earlier studies have demonstrated the

ability to accurately estimate the BSC and attenuation

using the reference phantoms on clinical systems (Han

et al. 2017; Wirtzfeld et al. 2010), the QUS parameter

variance from in vivo application may be higher when

compared with those obtained in this ex vivo study and

this could affect the classification efficiency.
CONCLUSION

In summary, the EAC was found to decrease with

increasing fibrosis grade, and the ESD was found to be
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higher in fibrotic livers when compared with normal

liver. The EAC parameter was shown to be more sensi-

tive to changes in fibrotic tissues when compared with

the ESD parameter, especially for differentiating

between moderate (G1-2) and severe (G3-5) fibrosis.

The results reported here also suggest that ESD and

EAC bring complementary information to standard stiff-

ness measurements for fibrosis classification, because

the combination of the three QUS parameters (Young’s

modulus, ESD and EAC) provides the best classification

performance. Further study should be performed to dem-

onstrate the superiority of the QUS approach, combining

tissue microstructure and stiffness in human clinical

study for classifying liver fibrosis.
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