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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 Ul-

traSound (QUS) techniques provide insight into tissue microstructure and are

based on the frequency-based analysis of the signals from biological 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 samples were investigated and were compared to the changes in liver

stiffness using shear wave elastography. Overall, the acoustic concentration

(EAC) was found to decrease with increasing fibrosis grade while the effective

scatterer size (ESD) was found to be higher in fibrotic livers when compared

to normal liver. The result of this study indicates that the combination of

three QUS parameters (stiffness, ESD and EAC) provides the best classifi-
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cation performance, especially for classifying healthy and fibrotic livers.

Keywords: Quantitative ultrasound, Backscatter coefficient, Stiffness,

Fibrotic liver
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INTRODUCTION1

Liver fibrosis results from the chronic damage to the liver tissue in associa-2

tion with the excessive accumulation of extracellular matrix (ECM) proteins,3

which is a hallmark feature of a wide variety of chronic liver diseases (Bataller4

& Brenner 2005). In the Western lifestyle countries, the most common causes5

of hepatic fibrosis are chronic Hepatitis C Virus infection, nonalcoholic steato-6

hepatitis and alcohol abuse (Pellicoro et al. 2014). The accumulation of ECM7

proteins, specifically the collagen, alters the architecture of hepatic tissue by8

forming fibrous wounds. The subsequent development of nodules of regen-9

erating hepatocytes outlines the cirrhosis (Lee et al. 2014). This last one10

leads to increased intrahepatic resistance to blood flow and hepatocellular11

dysfunction, which induce a portal hypertension and hepatic insufficiency,12

respectively.13

Hepatic puncture-biopsy is the gold standard method to stage liver fi-14

brosis, a biomarker of advanced liver disease (Lee et al. 2018). However,15

liver biopsy is an invasive and potentially painful technique. In addition,16

the heterogeneity of pathological liver tissue may lead to a selection bias of17

the biopsy (Fernandez-Salazar et al. 2011). In this context, several ultra-18

sound elastography methods (such as transient elastography, acoustic radia-19

tion force impulse or shear wave elastography (SWE)) have been developed20

for the noninvasive assessment of liver stiffness, as a Quantitative Ultra-21

Sound (QUS) imaging biomarker for detection, staging, and monitoring of22

liver fibrosis (Tang et al. 2015). Indeed, the collagen deposition and other23

microstructural changes associated with hepatic fibrosis induce parenchymal24

rigidity. This liver stiffness increases with higher fibrosis stages. Nowadays,25
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the liver stiffness is used to evaluate the gravity of liver disease, to manage26

treatment decision and to assess response to treatment (Bhat et al. 2017,27

Chen et al. 2018, Ippolito et al. 2018). Using current histological techniques28

with hematoxylin/eosin and picrosirius red staining, pathologists classify the29

different fibrosis stage using ordinal scores (i.e., from stage 0 to stage 630

with Ishak grading) while ultrasound imaging data provide a dichotomized31

categorization of fibrosis stages including the significant (stage≥2) and ad-32

vanced (stage≥4) liver fibrosis stages (Tang, et al. 2015). This different33

classification observed between histological and imaging techniques might be34

explained by the sensitivity of both techniques. Indeed, pathologists perform35

a semi-quantitative analysis of the location and amount of excess collagen but36

also microstructural changes in the liver tissue architecture (Hui et al. 2004,37

Kleiner et al. 2005, Theise 2007). Such histological analysis demonstrated38

that there is no linear correlation between the fibrosis stage and the total39

amount of collagen, thus suggesting that fibrosis stage is not stated exclu-40

sively by the total collagen content (Calvaruso et al. 2009, Xu et al. 2014).41

Indeed, the total amount of collagen remains almost stable from the stage 042

to higher stages, until an advanced fibrosis stage is reached, subsequently the43

total collagen content exponentially increases. These studies clearly reported44

that the intra-hepatic location of collagen and the liver tissue remodeling45

contribute to the fibrosis stage. Consequently, the exponential relationship46

described between the liver stiffness and the fibrosis stage strongly suggests47

that ultrasound elastography is more a direct biomarker of total amount of48

collagen than fibrosis stage.49

To overcome these limitations, combinations of non-invasive QUS tech-50
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niques can be used to improve accuracy and to provide a comprehensive51

assessment of different stages of liver fibrosis. Spectral-based QUS tech-52

niques using the parameterization of the backscatter coefficient (BSC) have53

demonstrated success in many preclinical and clinical applications for tissue54

characterization (Oelze & Mamou 2016). Specifically, a scattering model is55

fit to the measured BSC and the fit parameters can provide a meaningful56

description of the tissue microstructure (i.e., scatterer size, shape, scattering57

strength and spatial organization). One of the most popular scattering mod-58

els is the spherical Gaussian model (SGM) developed by Lizzi (Lizzi et al.59

1986). This model describes tissue as a random medium composed of spher-60

ical structures having continuous spherical impedance fluctuation following61

a spherical Gaussian curve, and yields two QUS parameters: the average62

effective scatterer size (ESD) and the acoustic concentration (EAC) (i.e.,63

the product of the scatterer number density and the square of the relative64

impedance difference between scatterers and the surrounding medium). Some65

spectral-based QUS studies have been performed to characterize liver fibro-66

sis. In clinical trials, the BSCs at the center frequency of 3 MHz were found67

to be higher in patients with liver cirrhosis, when compared to a healthy68

patient group (O’Donnell & Reilly 1985, Lu et al. 1999). In ex vivo exper-69

iments, the attenuation coefficient, sound speed and integrated backscatter70

coefficient with a 20 MHz pulse-echo system allowed a reasonable segregation71

of patient groups suffering from different fibrosis grades (Meziri et al. 2005).72

This study aims to quantify how spectral-based QUS parameters change73

with fibrosis grade. Liver fibrosis was induced by repeated subcutaneous74

injections of carbon tetrachloride (CCl4) in the neck of rabbits. Attenuation75
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and backscatter coefficients were estimated over a wide frequency range (up76

to 40 MHz) from fresh rabbit liver samples using the spectral difference77

method and the reference phantom method, respectively. The two QUS78

parameters (ESD and EAC) were estimated by fitting the measured BSC to79

an estimated BSC calculated with the SGM theoretical model. The changes80

in QUS parameters of healthy and fibrotic livers were investigated and were81

compared to the changes in liver stiffness using SWE. Finally, we evaluated82

whether correctly classifying fibrotic livers was possible based on these QUS83

estimates.84

MATERIAL AND METHODS85

Rabbit liver fibrosis model86

All procedures were performed in accordance with French and Interna-87

tional ethical guidelines and were approved by the National Committee for88

Animal Care and Ethics in Animal Experiments (No. 2016020116011353-89

3872). Eighteen New Zealand white male rabbits (Charles Rivers, Bois des90

Oncins, France) were housed in a temperature-controlled room (23oC) with91

12:12-h light-dark cycle in isolation cages. Food and water were presents ad92

libitum.93

During the injection protocol and B-mode imaging, the rabbits were anes-94

thetized by 3% isoflurane (Isoflo, Coveto, Limoges, France) and oxygen via95

a facial oxygen mask in place throughout the procedure. This anesthesia96

was limited to 20 min, and a thermostatically controlled pad was used to97

maintain body temperature at about 37oC plate. The rabbits were 9 weeks98

old at the beginning of the experiment, weighing in average 2.5±0.2 kg. To99
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induce liver fibrosis, a dose of 0.2 mL/kg CCl4 (Sigma-Aldrich, St. Louis,100

MO) as a 50% (v/v) solution in olive oil was subcutaneously administered101

twice a week during several successive weeks (from 3 up to 12 weeks) because102

the grade of liver fibrosis is related to the duration of CCl4 injection (Li et103

al. 2018). Experimentation used 18 animals divided in 5 groups. The first 4104

groups corresponded to injection protocols of 3 weeks (n=4 rabbits), 6 weeks105

(n=4 rabbits), 9 weeks (n=3 rabbits) and 12 weeks (n=3 rabbits), and the106

fifth group (n=4 rabbits) were left untreated to generate control data. The107

progression of liver fibrosis was monitored twice a week using an Acuson Se-108

quoia ultrasound system (Siemens Healthcare GmbH, Erlangen, Germany)109

with an Acuson 15L8 ultrasound probe. An expert medical doctor (L.A.)110

reviewed the ultrasound B-scans of healthy and fibrotic livers.111

After liver fibrosis induction, the rabbits were euthanized under anesthe-112

sia by i.v. injection of 1 mL/kg Doléthal (Vétoquinol S.A., Magny-Vernois,113

France). For each rabbit, the liver was excised and immersed in degassed114

saline solution to be ultrasonically imaged for QUS analysis as described be-115

low. (Ex vivo study was conducted to allow high frequency measurements116

up to 40 MHz and to explore liver microstructure properties, as discussed117

later in the section ”Results and Discussion”.)118

Shear wave elastography (SWE)119

Real-time SWE was performed using an Aixplorer UltraFastTM system120

(SuperSonic Imagine, Aix-en-Provence, France), equipped with a linear array121

probe (SL15-4) with a center frequency of 8.5 MHz in order to determine the122

liver stiffness ex vivo. Elasticity estimates were color-coded creating a 2D123

quantitative SWE image of liver stiffness, which was shown in box form over124
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a conventional B-mode image. For each animal, liver stiffness measurements125

were acquired on all three liver lobes. For each lobe, three round regions of126

interest (ROIs) were placed in the box on the gray-scale ultrasound image.127

Liver stiffness was expressed as the mean ± standard deviation of elastic128

modulus (kPa) of three liver lobes.129

Spectral-based quantitative ultrasound method130

High-frequency ultrasound imaging was performed using the Vevo 2100131

imaging system (FUJIFILM - VisualSonics Inc, Toronto, Canada). Two lin-132

ear array probes, MS250 of center frequency 20 MHz and MS550 of center133

frequency 40 MHz, were used in B-mode in order to estimate tissue mi-134

crostructures on the three liver lobes of each rabbit. For each liver lobe, ten135

consecutive frames were acquired on three different locations. One frame is136

formed from 512 scan lines. The orientation and the position of the probe137

were chosen to prevent the presence of specular echoes originating from the138

veins or arteries in the scan plane.139

For the two linear array probes, reference scans were acquired from a140

well-characterized reference phantom after conducting the experiments on141

rabbit livers with the same imaging system settings (Yao et al. 1990). The142

reference phantom was provided by the University of Wisconsin (WI, USA)143

and consisted of 6g/L of glass beads with radii ranging from 0.4 to 6 µm in144

a gel-surrounding medium. The reference phantom has been characterized145

to measure its backscatter coefficient BSCref on the 10-40 MHz frequency146

bandwidth using a planar reflector and focused transducers having different147

center frequencies 10, 20 and 35 MHz (Chen et al. 1997). The measured148

BSCref magnitude was comparable with backscatter coefficient magnitudes149
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from rabbit liver tissues (for example, BSCref=0.0018 cm−1.sr−1 at 10 MHz150

and BSCref=0.0166 cm−1.sr−1 at 20 MHz). The sound speed and acoustic151

attenuation were quantified by the manufacturer using a standard narrow-152

band through-transmission substitution technique (Madsen et al. 1982). The153

sound speed was equal to 1535 m/s and the measured attenuation was fitted154

with the following function: αref=0.055f 1.544 dB/cm, where f is the frequency155

in MHz. This fitting curve is valid in the frequency range from 10 to 40 MHz.156

Signal analysis for attenuation and BSC computation is performed in se-

lected ROIs placed on the ultrasound B-mode images of liver lobe. The ROIs

are drawn as large as possible with at least 200 scan lines. QUS images based

on BSC analysis depict tissue properties 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 & Bigelow 2011, Yao et al. 1990). The local attenuation αs was first

estimated using the spectral log difference method with the 40-MHz probe

(Labyed & 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:

BSCmeas(f) = BSCref(f)
Pmeas(f)

Pref(f)
e4z(αs(f)−αref(f)) (1)

where f is the frequency, BSCref is the BSC of the reference phantom mea-157

sured by using a planar reflector and focused transducers (as described previ-158

ously); Pmeas and Pref are the power spectra for the liver sample and reference159

phantom at equivalent depth z. The last term (i.e., the exponential function)160

compensates for attenuation effects. This procedure yielded a BSCmeas for161
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each probe: in the 10-30 MHz bandwidth with the MS250 probe and in the162

20-40 MHz bandwidth with the MS550 probe. The resultant two BSCmeas163

could be combined to yield a single BSCmeas over the combined bandwidth of164

the two transducers (i.e., 10 - 40 MHz). More specifically, there is at least one165

intersection point (at frequency fI) between the two BSCmeas curves within166

the 20-30 MHz frequency bandwidth, such that the two BSCmeas curves are167

combined by using the BSCmeas measured with the MS250 probe in the [10168

MHz -fI ] bandwidth and the BSCmeas measured with the MS550 probe in169

the [fI-40 MHz] bandwidth.170

For each ROI, two QUS parameters, namely the ESD and EAC, were

obtained by fitting the measured BSCmeas with the spherical Gaussian model

(Insana et al. 1990). The spherical Gaussian model is based on several

approximations (Born, far-field, incident plane wave, isotropic medium) for

soft tissue scattering. Based on these approximations, the BSC is modeled

using a spatial autocorrelation function describing the size, shape, acoustic

properties and distribution of the scatterers in the medium; and is expressed

as follows (Insana et al. 1990):

BSCSGM(k) =
k4V 2

s nz
4π2

e−2k2d2 =
k4V 2

s nz
4π2

e−0.827k2a2 , (2)

where k is the wavenumber, nz is the acoustic concentration (i.e., EAC=nz),171

d is the correlation distance that characterized the continuous isotropic medium172

and Vs = (2πd2)3/2. The effective scatterer radius a is related to the corre-173

lation distance d by setting values of Vs for a continuum model equal to the174

volume of an effective sphere of radius a: Vs = (2πd2)3/2=(4/3)πa3 (Insana175

et al. 1990). The ESD has been related to the size of dominant scatterers176

in liver tissues (i.e., ESD=2a). The reported ESD and EAC parameters are177
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averaged over the three measurements performed on each lobe.178

Histopathology179

Livers were fixed in the 4% formol solution (Labo-moderne, Paris, France).180

Then, histological samples were embedded in paraffin, cut at approximately181

5 µm, and prepared using conventional hematoxylin/eosin and picrosirius182

red protocols (Novaxia, Saint-Laurent Nouan, France). These tissue sections183

were examined by light microscopy on a Leica Diaplan microscope. Histolog-184

ical slides were reviewed by an expert hepatopathologist (Le Net Pathologist185

Consulting, Amboise, France). The liver fibrosis was graded according to the186

Ishak grading (Ishak et al. 1995), a grading with a 7-tier scale offering high187

discriminant descriptive power suitable for research purposes (Almpanis et188

al. 2016).189

RESULTS AND DISCUSSION190

Effects of CCl4 on rabbit behavior and on liver anatomy191

Upon visual inspection of the rabbits, all CCl4 treated animals were gen-192

erally less groomed and less active compared to untreated control group. In193

addition, 3 CCl4 treated animals were dead before the study ended and a194

significant loss of body weight (i.e., > 10% of initial body weight) was also195

observed in 7 out of 15 surviving animals in the first three weeks of CCl4196

injection (Table 1).197

In the present study, B-mode ultrasound imaging was chosen to monitor198

the effects of CCl4 administration on liver anatomy. During the two first199

weeks of CCl4 injection, neither liver failure nor behavioral anomalies (i.e.,200
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loss of appetite, dehydration, loss of body weight, breathing difficulties) was201

observed in all studied rabbits. However, after 3 weeks of CCl4 injection,202

abdominal ultrasound imaging revealed an increase in the liver echogenicity203

in all CCl4 treated animals. Figures 1(a) and 1(b) show representative B-204

mode images of healthy and fibrotic (grade 5) liver with 12-weeks of CCl4205

injection. The fibrotic liver shown in Fig. 1(b) presents an accumulation206

of fluids in the abdominal cavity, also called ascites, that suggests a hepatic207

failure. The qualitative analysis of abdominal images from all the studied208

rabbits should suggest that the amount of fluid in the abdominal cavity209

increased with the number of CCl4 injections. At the study end, the necropsy210

confirmed the presence of ascites in the abdominal cavity of all CCl4 injected211

animals. In addition, these rabbits had a strong discoloration of the liver212

tissues in comparison with the control group, as it can be observed in Figs.213

1(c) and 1(d).214

Histopathological analysis215

To confirm the induction of liver fibrosis, histopathological analyzis was216

performed on liver tissues. As shown in Figure 2, the picrosirius red stain-217

ing clearly indicates an excessive accumulation of collagen around the lobule218

structures confirming that the repetitive administrations of CCl4 induced219

liver fibrosis. Despite intra- and inter-individual variations in the liver re-220

sponse to CCl4 administration were observed, the amount of fibrosis was221

homogeneous among three liver lobes for each rabbit. In addition, minimal222

haemosiderosis (i.e., indicator of previous hemorrhage) was present in all223

treated animals. Table 2 gives the relationship between the fibrosis grades224

and the weeks of CCl4 injection. The amount of fibrosis increases with the225
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duration of CCl4 injection protocol, as expected. Based on Ishak grading,226

the rabbit livers were classified within different grades (denoted G in the fol-227

lowing): G0 with no fibrosis (4 rabbits), G1 (2 rabbits), G2 (2 rabbits), G3228

(2 rabbits), G4 (3 rabbits) and G5 (2 rabbits). No liver cirrhosis (G6) was229

detected.230

QUS parameter estimates231

Typical examples of shear wave elastography images are shown in Fig. 3,232

and the average Young’s modulus of all grades are summarized in Table 3.233

Young’s modulus values were on the order of several thousands of Pascals234

and noticeably increased with the fibrosis grade, as expected. The statistical235

analysis using the Pearson correlation method reveals that the liver fibrosis236

score was positively correlated with the Young’s modulus (p<0.0001), as237

expected.238

The attenuation was found to depend linearly on frequency, within the239

20-40 MHz frequency bandwidth. The mean values and standard deviation240

of attenuation coefficients were equal to 0.58±0.13, 0.85±0.07, 0.87±0.09,241

0.83±0.08, 0.89±0.07 and 0.91±0.09 dB/cm/MHz for G0 (normal), G1, G2,242

G3, G4 and G5, respectively. Averaged attenuation coefficient was thus243

found to be higher in fibrotic livers. This trend correlates well with pre-244

vious experimental results conducted at 20 MHz by (Meziri et al. 2005):245

attenuation coefficients were found to be equal to 0.76 dB/cm/MHz and 1.06246

dB/cm/MHz for normal and cirrhotic livers, respectively.247

Typical examples of measured BSCmeas are shown in Fig. 4. The BSCmeas248

magnitudes from fibrotic livers were greater than those from normal liver in249

the 10-22 MHz frequency bandwidth, as observed previously in the literature250
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(O’Donnell & Reilly 1985, Lu et al. 1999). Table 3 also displays the average251

and standard deviations of the spectral-QUS estimates for the fibrotic grade252

livers. Overall, the EAC decreased with increasing fibrosis grade and the253

ESD was found to be higher in fibrotic livers when compared to normal liver254

for both 10-20 MHz and 10-40 MHz frequency bandwidths.255

The abilities of QUS parameters to differentiate among grades of fibrosis256

were assessed using 1-way ANOVA. Statistically significant differences were257

quantified using p values<0.05. The p values are shown in Table 3. For258

example, p-values for G0 versus (vs) G1 refers to the significance of QUS pa-259

rameters estimated from animals with no fibrosis with G0 and fibrosis with260

G1; and p-values for [G1-2] vs [G3-5] refers to the significance of QUS parame-261

ters estimated from animals with moderate fibrosis with G1 and G2 (denoted262

G1-2) and with severe fibrosis ≥G3 (denoted G3-5). The Young’s modulus,263

ESD and EAC parameters (p value<0.05) can be used to differentiate be-264

tween G0 and G1, and to differentiate between normal and fibrotic livers.265

The Young’s modulus and EAC parameters (p value<0.05) can be used to266

differentiate between moderate (G1-2) and severe (G3-5) fibrosis (but not267

the ESD). None of the parameters enables the graduation of the fibrosis in 6268

grades (from G0 to G5). Only the ESD and EAC parameters estimated at269

high frequencies using the 10-40 MHz could differentiate G2 and G3.270

Usefulness of high frequency measurements271

To our knowledge, it is the first time that high frequency measurements272

up to 40-MHz center frequency probe are reported in ex vivo livers. High fre-273

quency measurements cannot be used in real clinical condition, but are useful274

to obtain a more robust estimation of the scatterer size and to progress fur-275
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ther in the understanding of backscattering from fibrotic livers. It is very276

interesting to observe the frequency-dependent of the BSCmeas in the case of277

normal liver that shows a peak of magnitude around 30 MHz (see black curve278

in Fig. 4). The ESD estimated with the SGM was found to be equal to 19.5279

µm in the 10-40 MHz frequency bandwidth. However, it is known that the280

SGM may not bring a meaningful description of the tissue microstructure in281

the case of complex media, such as dense and/or polydisperse scattering me-282

dia (Franceschini et al. 2016). In order to better interpret this peak around283

30 MHz, the BSCmeas was fitted with the polydisperse structure factor model,284

allowing the simultaneous estimation of the scatterer diameter distribution,285

the volume fraction and the relative impedance contrast (Franceschini et al.286

2016). As shown in Fig. 4, the polydisperse structure factor model suggests287

that this peak is representative of ESD≈28 µm, which is quite close from the288

hepatocyte diameter d ≈26 µm (as deduced from the area surface of hepa-289

tocytes observed in histological slices). However, even with high frequency290

measurements and advanced scattering models (such as the structure factor291

model), we were not able to establish a relationship between QUS scatterer292

property estimates and actual fibrotic liver structures. Note that the QUS293

parameters obtained from the structure factor model with fibrotic livers were294

not shown in the present study because the SGM was found to be more effi-295

cient than the structure factor model for grading the fibrotic liver (data not296

shown).297

Figure 5 shows typical examples of B-mode images obtained from ex vivo298

healthy and fibrotic livers using the 40-MHz center frequency probe. The B-299

mode images of healthy liver display hyper-echogenic structures with hexag-300
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onal shapes corresponding to liver lobule structures, whereas fibrotic livers301

show more homogeneous speckle. So the connective tissue of lobular bound-302

aries plays also an important contribution in the scattering process, in addi-303

tion to the contribution of the cellular/hepatocyte scattering. Future studies304

should be focused on the understanding of scattering contribution from con-305

nective tissue of lobular boundaries, collagen fibers and cellular/hepatocyte306

microstructure in normal and fibrotic livers, using for example acoustic mod-307

els of tissue microstructure, termed impedance maps (Mamou et al. 2005,308

Luchies & Oelze 2005, Tamura et al. 2017)309

Fibrosis classification based on QUS estimates310

The ability of Young’s modulus and spectral-QUS parameters for clas-311

sifying liver grades was studied using the Gaussian Mixture Model (GMM)312

(McLachlan & Peel 2000). For this study, we use only the ESD and EAC313

estimated within the 10-20 MHz bandwidth, which corresponds to a more314

accessible frequency bandwidth in usual ultrasound devices. The classifica-315

tion was performed by fitting a Gaussian mixture distribution model to the316

N classes of the QUS data. The classification was tested for three classes317

(N=3): no fibrosis with G0 (4 animals), moderate fibrosis with G1 and G2 (4318

animals) and severe fibrosis with G3, G4 and G5 (7 animals). When consider-319

ing the stiffness parameter or the tissue microstructure parameters (ESD and320

EAC), the classification was first performed by using all the 135 data (corre-321

sponding to 15 animals × 3 lobes/animal × 3 measurements/lobe). The data322

were separated in two groups: half of the 135 data were assigned randomly to323

a training group, and the other half was assigned to a validation group to test324

the classification on the model obtained with the training group. Figures (6a-325
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b) represent the confusion matrices that summarize the classification results326

when considering the Young’s modulus alone and the spectral-QUS param-327

eters alone. When combining the three QUS parameters (Young’s modulus,328

ESD and EAC), the classification was performed by using the QUS param-329

eters averaged over the three measurements for each studied lobe (i.e., 45330

measurements corresponding to 15 animals × 3 lobes/animals), because the331

stiffness and tissue microstructure measurements were not performed on the332

same ROI. In that case, the separation in training and validation groups was333

not performed because of the low number of data but a classification using334

the leave-one-out cross-validation was used. For comparison purpose, the335

GMM associated with the leave-one-out cross-validation was used by pro-336

cessing the same 45 averaged measurements when considering the stiffness337

parameter alone and the spectral-QUS parameters alone. The confusion ma-338

trices obtained from leave-one-out cross-validation are given in Figs. (6c-e),339

when using the Young’s modulus alone, the spectral-QUS parameters alone,340

and the combination of spectral-QUS parameters with Young’s modulus, re-341

spectively.342

Overall, the separation in training and validation groups allows us to bet-343

ter classifying the lobes when compared to the leave-one-out cross-validation344

(see Figs. 6a-d). It can be observed that the class G0 is always better345

classified (Pc≥83% of correctly classified lobes) when the spectral-QUS pa-346

rameters (ESD and EAC) are considered, whatever the classification methods347

used (see Fig. 6b for the separation in training and validation groups, and348

see Figs. 6(d-e) for the leave-one-out cross-validation). The fibrotic livers349

(classes G1-2 and G3-5) are also better classified using the combination of350
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the three QUS parameters (Young’s modulus, ESD and EAC), when com-351

pared to the classifications obtained with the spectral-QUS parameters or352

with the Young’s modulus alone (Figs. 6(c-e)).353

The results obtained in the present study suggest that the combination of354

spectral-QUS parameters with Young’s modulus resulted in improved clas-355

sification compared to Young’s modulus alone. Further study should be356

conducted on in vivo livers to confirm the added value of the spectra-QUS357

parameters for fibrosis classification. Indeed, the present study is limited to358

ex vivo liver samples, such that the BSC data were simply compensated for359

liver attenuation. Challenges for in vivo application are to correctly account360

for attenuation effects and transmission losses. Even if previous studies have361

demonstrated the ability to accurately estimate the BSC and attenuation362

using the reference phantoms on clinical systems (Wirtzfeld et al. 2010, Han363

et al. 2017), the QUS parameter variance from in vivo application may be364

higher when compared to those obtained in the present ex vivo study and365

this could affect the classification efficiency.366

Conclusion367

In summary, the EAC was found to decrease with increasing fibrosis grade368

and the ESD was found to be higher in fibrotic livers when compared to nor-369

mal liver. The EAC parameter was shown to be more sensitive to changes370

in fibrotic tissues when compared to ESD parameter, especially for differ-371

entiating between moderate (G1-2) and severe (G3-5) fibrosis. The results372

reported here also suggest that ESD and EAC bring complementary infor-373

mation to standard stiffness measurements for fibrosis classification, since374
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the combination of the three QUS parameters (Young’s modulus, ESD and375

EAC) provides the best classification performance. Further study should be376

performed to demonstrate the superiority of the QUS approach combining377

tissue microstructure and stiffness in human clinical study for classifying liver378

fibrosis.379
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Tables498

Table 1: Effect of CCl4 on survival and loss of body weight.499

Loss of body weight

(>10% initial)

Weeks of CCl4 ≤3 weeks Study

injection of CCl4 end Survival

0 0/4 0/4 4/4

3 1/2a 0/2a 2/4

6 0/3b 0/3b 3/4

9 3/3 0/3 3/3

12 3/3 0/3 3/3

aTwo or bone rabbits are dead before the third week

of CCl4 injection.

500
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Table 2: Grade of fibrosis in the liver according to the Ishak grading.501

502

Weeks 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) - - - - -

503
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Table 3: Mean and standard deviation of QUS parameters (Young’s mod-504

ulus, ESD and EAC) estimated for different fibrosis grades and their505

statistical significance.506

507

Fibrosis Young’s QUS parameters 10-20 MHz QUS parameters 10-40 MHz

grade modulus ESD EAC ESD EAC

(kPa) (µm) (dB/cm3) (µm) (dB/cm3)

Grade 0 5.89 ± 1.34 22.6 ± 1.9 49.0 ± 2.3 19.5 ± 1.2 52.3 ± 1.3

Grade 1 7.93 ± 1.62 34.9 ± 2.4 45.9 ± 1.5 26.7 ± 0.7 50.6 ± 1.0

Grade 2 9.25 ± 1.76 31.8 ± 2.4 45.7 ± 1.8 25.0 ± 1.2 50.4 ± 0.5

Grade 3 10.07 ± 1.83 31.0 ± 1.6 44.7 ± 0.8 26.1 ± 0.9 47.5 ± 0.9

Grade 4 11.46 ± 1.94 33.6 ± 3.0 44.6 ± 1.1 26.1 ± 2.0 48.9 ± 1.0

Grade 5 12.99 ± 2.07 33.4 ± 3.1 43.9 ± 1.3 25.9 ± 1.3 48.3 ± 0.7

p-values

G0 vs G1 0.0026 0.0001 0.0320 0.0001 0.0135

G0 vs [G1-2] 0.0000 0.0000 0.0068 0.0000 0.0001

G0 vs [G3-5] 0.0000 0.0000 0.0000 0.0000 0.0000

[G1-2] vs [G3-5] 0.0000 0.5926 0.0484 0.9559 0.0000

G2 vs G3 0.3939 0.6991 0.3939 0.0931 0.0022
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Figure Captions508

Figure 1: In vivo and ex vivo observations of healthy and fibrotic livers.509

Representative anatomical ultrasound images of healthy (a) and fibrotic510

(grade 5) liver (b). Representative macroscopic images of healthy (c)511

and fibrotic (grade 5) liver (d).512

Figure 2: Examples of histological images of healthy and fibrotic livers513

stained using hematoxylin/eosin and picrosirius red.514

Figure 3: Representative shear wave elastography images of ex vivo healthy515

and fibrotic livers.516

Figure 4: Typical examples of measured BSCs from ex vivo healthy and517

fibrotic livers using the two probes of center frequencies 20-MHz and518

40-MHz. Also represented are the fitted curves with the SGM (dotted519

line) and with the polydisperse Structure Factor Model SFM (dashed520

line) for the healthy liver. The SGM estimates the ESD and EAC,521

whereas the polydisperse SFM estimates the scatterer size distribution,522

the volume fraction φ and the relative impedance difference γz.523

Figure 5: Representative B-mode images obtained from ex vivo healthy and524

fibrotic livers using the probe of center frequency 40-MHz.525

Figure 6: (a) and (b) Confusion matrices obtained from the separation in526

training and validation groups when considering the Young’s modulus527

E alone and the spectral-QUS parameters alone. (c), (d) and (e) Con-528

fusion matrices obtained from the leave-one-out cross-validation when529

considering the Young’s modulus E alone, the spectral-QUS parameters530
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alone and the combination of spectral-QUS parameters with Young’s531

modulus. Also given are the percentages of correctly classified lobes,532

denoted Pc.533
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(a) (b)

(c) (d)

Liver

Fibrosis grade 5

Ascite

Control grade 0 

Liver

Control grade 0 Fibrosis grade 5

Figure 1: In vivo and ex vivo observations of healthy and fibrotic (grade 5) livers. Repre-

sentative anatomical ultrasound images of healthy (a) and fibrotic liver (b). Representative

macroscopic images of healthy (c) and fibrotic liver (d).
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Control grade 0 Fibrosis grade 2

Fibrosis grade 3 Fibrosis grade 5

500 μm 500 μm

500 μm500 μm

Figure 2: Examples of histological images of healthy and fibrotic livers stained using

hematoxylin/eosin and picrosirius red.
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Control grade 0 Fibrosis grade 2 Fibrosis grade 5

Figure 3: Representative shear wave elastography images of ex vivo healthy and fibrotic

livers.
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Figure 4: Typical examples of measured BSCs from ex vivo healthy and fibrotic livers

using the two probes of center frequencies 20-MHz and 40-MHz. Also represented are the

fitted curves with the SGM (dotted line) and with the polydisperse Structure Factor Model

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 φ and

the relative impedance difference γz.
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Figure 5: Representative B-mode images obtained from ex vivo healthy and fibrotic livers

using the probe of center frequency 40-MHz.
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Figure 6: (a) and (b) Confusion matrices obtained from the separation 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 param-

eters alone and the combination of spectral-QUS parameters with Young’s modulus. Also

given are the percentages of correctly classified lobes, denoted Pc.
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