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Abstract

Objective: To assess in a high-resolution model of thin liver rat slices which viscoelastic parameter at three-dimensional
multifrequency MR elastography has the best diagnostic performance for quantifying liver fibrosis.

Materials and Methods: The study was approved by the ethics committee for animal care of our institution. Eight normal
rats and 42 rats with carbon tetrachloride induced liver fibrosis were used in the study. The rats were sacrificed, their livers
were resected and three-dimensional MR elastography of 562 mm liver slices was performed at 7T with mechanical
frequencies of 500, 600 and 700 Hz. The complex shear, storage and loss moduli, and the coefficient of the frequency power
law were calculated. At histopathology, fibrosis and inflammation were assessed with METAVIR score, fibrosis was further
quantified with morphometry. The diagnostic value of the viscoelastic parameters for assessing fibrosis severity was
evaluated with simple and multiple linear regressions, receiver operating characteristic analysis and Obuchowski measures.

Results: At simple regression, the shear, storage and loss moduli were associated with the severity of fibrosis. At multiple
regression, the storage modulus at 600 Hz was the only parameter associated with fibrosis severity (r = 0.86, p,0.0001). This
parameter had an Obuchowski measure of 0.89+/20.03. This measure was significantly larger than that of the loss modulus
(0.78+/20.04, p = 0.028), but not than that of the complex shear modulus (0.88+/20.03, p = 0.84).

Conclusion: Our high resolution, three-dimensional multifrequency MR elastography study of thin liver slices shows that the
storage modulus is the viscoelastic parameter that has the best association with the severity of liver fibrosis. However, its
diagnostic performance does not differ significantly from that of the complex shear modulus.
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Introduction

Over the past decade, various studies have shown the usefulness

of ultrasound and MR elastography for the assessment of the

severity of liver fibrosis [1–12]. Most of these studies have been

focused on the determination of liver stiffness, based on the

measurement of the speed of the mechanical waves propagating

through the tissue. However, several other viscoelastic parameters

may be calculated. With three-dimensional MR elastography the

complete wave field can be measured in the liver, enabling the

calculation of the complex shear modulus, G*, reflecting tissue

stiffness, but also the storage modulus, Gd, reflecting the elasticity,

and the loss modulus, Gl, related to the viscosity [13]. Moreover,

with multifrequency MR elastography, the exponent of the

frequency power law (c), can be calculated and reflects wave

scattering related to the architectural organization of the tissue

[14]. The usefulness of these different viscoelastic parameters for

assessing the severity of fibrosis has not been much explored

[10,15,16].

Most of the elastography studies were performed in humans

using histological scores on liver biopsies as reference methods

[17]. The main limitations of these studies are the acquisition of

MR images with low spatial resolution, the presence of respiratory

artifacts, the sampling variability of liver biopsies and the use of

semi-quantitative histological scores [18]. Few teams have

reported studies performed in-vivo on animal models [9,16], and

the same limitations remain. To address these concerns, we

performed in this study high-resolution three-dimensional multi-

frequency MR elastography examinations on thin rat liver slices.

Thin liver slices are increasingly used as ex-vivo models to study

liver diseases [19,20]. Moreover, to obtain ‘‘pure’’ liver fibrosis,

without associated cholestastis or steatois, we induced fibrosis by

chronic administration of carbon tetrachloride [21].
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The purpose of our study was thus to assess in a high-resolution

model of thin liver rat slices which viscoelastic parameter at three-

dimensional multifrequency MR elastography has the best

diagnostic performance for quantifying liver fibrosis.

Materials and Methods

Ethics statement
This study was carried out in strict accordance with the

European guidelines of Care and Use of Laboratory Animals. The

protocol was approved by the local Committee on the Ethics of

Animal Experiments (‘‘Bichat-Debré’’ Animal Ethics Committee;

Number: 2011-15/773-0065). Euthanasia was performed after

anesthesia of the rats with a mixture of 4% isoflurane in oxygen

(Arkema, Paris, France) to minimize animal suffering.

Experimental model of liver fibrosis
The study group included 50 male Wistar rats aged 8 weeks and

weighting 252628 g. The rats were housed by groups of three in

stainless steel wire cages and maintained at mean temperature of

2161uC. The cages were placed in a room with a 12-hour light-

dark cycle. The rats had free access to standard food and water.

Eight rats were used as controls and liver fibrosis was induced in

the 42 other rats. No rat died before imaging.

Fibrosis was induced by twice-weekly intraperitoneal injections

of 0.1 ml/100 g carbon tetrachloride diluted at 50% in olive oil

vehicle. The rat population was divided in seven groups of six rats.

The first group of rats was injected with carbon tetrachloride

during two weeks, the second during three weeks, and so on until

the last cohort was injected during eight weeks, to analyze fibrosis

progression on a weekly basis. Each week, a group of six rats was

sacrificed. The sacrifice was obtained three days after the last

injection of carbon tetrachloride to decrease liver inflammation.

Euthanisia was performed with intraperitoneal injection of 1 ml of

sodium thiopental (Abbott Laboratories, Chicago, IL) after

anesthesia of the rats with a mixture of 4% isoflurane in oxygen

(Arkema, Paris, France).

The liver was removed and a cylindrical hepatic sample was

obtained with a 19 mm diameter punch (C.S. Osborne & Co,

Harrison, NJ). A thin (562 mm) slice was then cut out of this

cylindrical sample, and placed in a 22 mm cell culture insert

(Millicell, EMD Millipore Corporation, Billerica, MA) containing

physiological medium to maintain a constant level of moisture

within the liver sample (Fig. 1). Temperature was monitored

during the whole MR elastography experiment to eliminate its

potential influence on the measured viscoelastic parameters.

MR elastography
MR elastography was performed in a horizontal-bore 7-T MR

imaging system (Pharmascan, Bruker, Erlangen, Germany) with

80 mm diameter volume coil for emission and a decoupled 18 mm

diameter surface coil for reception. An electromagnetic shaker

(Brüel & Kjaer, Nærum, Denmark) located outside the MR

scanner was used to transmit mechanical vibrations via a flexible

carbon fiber rod to a toothpick placed in the center of the liver

sample and attached to the bench (Fig. 1). The insert was also

attached to the bench, but independent from the toothpick holder.

T2-weighted transverse images of each sample were obtained

for proper slice positioning of the MR elastography acquisition. A

steady-state MR elastography sequence was used in the three

spatial directions of motion to obtain volumetric images of the

three-dimensional propagating wave inside the sample. The MR

elastography acquisitions were obtained sequentially with three

different mechanical excitation frequencies of 500, 600, and

700 Hz. The in-plane spatial resolution was 390 mm and the slice

thickness 400 mm. The MR image acquisition characteristics are

detailed in Table 1.

The moduli G*, Gd and Gl (kPa) were calculated on a pixel-per-

pixel basis and displayed on parametric maps by fitting a

polynomial function to the displacement values and inverting the

local time-harmonic wave equation, as previously described [14].

Regions of interest encompassing the whole sample sections, but

avoiding their borders and the vibration point, were drawn on the

parametric maps to obtain mean values of G*, Gd, and Gl (Fig. 2).

Moreover, the relation between the viscoelastic parameters (G*,

Gd, Gl) and the excitation frequency was fitted on a power law

and the exponent of the law (c) was extracted [14]. The post-

processing of the MR elastography images was performed by a

radiologist with 7-year experience in abdominal radiology. The

radiologist was unaware of the results of histology. Before starting

the study, the reproducibility of the method was evaluated by

performing three different viscoelastic parameter measurements in

a paraffin phantom. Similar analysis was performed in the rats

with normal liver.

Histological analysis
After the MR elastography examination, all samples were fixed

in formalin, embedded in paraffin and stained with hematoxylin-

eosin, picrosirius red and Masson trichrome. The histological

slides were analyzed by a pathologist with 15-year experience in

liver pathology and who was blinded to the imaging data. Fibrosis,

necrosis and inflammation were assessed with the METAVIR

score [22]. Fibrosis stage (F) was scored as F0 (absent), F1 (portal

fibrosis), F2 (portal fibrosis with few septa), F3 (septal fibrosis), and

F4 (cirrhosis). Necro-inflammatory activity (A) was graded as A0

(absent), A1 (mild), A2 (moderate), or A3 (severe). Steatosis was

graded according to Brunt et al. [23].

Figure 1. Details of the homemade support used for the MR
elastography examinations. The picture on the top shows a thin
liver sample (A) placed in a plastic insert (B). The bottom illustration
shows the way the sample is placed on the homemade support. The
vibration is transmitted by a toothpick placed in the center of the liver
sample (C). An electromagnetic shaker located outside the MR scanner
(not shown) is used to generate mechanical vibrations via a flexible
carbon fiber rod to the toothpick (D).
doi:10.1371/journal.pone.0094679.g001

Ex Vivo Liver Fibrosis Analysis with MRE in Rats
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Quantitative morphometry was performed to determine the

area of fibrosis (sample area stained with picrosirius red relative to

the total sample area) with an image segmentation software after

converting the glass slides into digital slides (ImageScope, Aperio,

Vista, CA) [18].

Statistical analysis
Values are expressed as means and standard deviations or

percentages, as appropriate. The reproducibility of the visco-

elastic measurements was assessed with coefficients of variation.

Differences in MR elastography viscoelastic parameters be-

tween the METAVIR stages were assessed with analysis of

variance (ANOVA). The relation between histological and the

viscoelastic parameters were performed with simple and multiple

regressions. The discriminative ability of the viscoelastic param-

eters for the identification of the stages of fibrosis was assessed by

receiver operating characteristic (ROC) curve analysis and

expressed as areas under the ROC curve (AUROCs).

Given the fact that the METAVIR score is a non-binary

ordinal-scale gold standard, we also calculated the Obuchowski

measures [24]. These measures are a multinomial version of

AUROCs. With Obuchowski measures, a weighting scheme is

used, based on a reference distribution of fibrosis stages. In our

study, the reference distribution of fibrosis stages was chosen

according to Payan et al. as F0: 6%, F1: 39%, F2: 28%, F3: 14%,

F4: 13% [25]. With the Obuchowski measure, each pairwise

comparison is also weighted by a penalty function proportional to

the difference in METAVIR units between stages [24]. The

Obuchowski measure represents the probability that the visco-

elastic parameters will correctly rank two randomly chosen liver

samples from different fibrosis stages according to the weighting

scheme, with a penalty for misclassifying the samples. Comparison

between the Obuchowski measures of the different viscoelastic

parameters was made with DeLong test.

A p-value#0.05 was considered significant for all tests. The

analyses were performed with the Statistical Package for the Social

Sciences (SPSS) software (version 20.0, SPSS Inc., Chicago, IL).

Results

Pathological and morphometric analyses
Out of the 50 rats, three (6%) were excluded from the analysis

because of technical problems during the MR examinations. A

total of 47 rats was analyzed. Histological data are detailed in

Table 2. Briefly, 8 rats (17%) had F0 fibrosis stage, 8 (17%) F1, 8

(17%) F2, 8 (17%) F3 and 15 (32%) F4. Necro-inflammatory

activity was graded as A0 in 8 rats (17%), A1 in 31 (66%), and A2

in 8 (17%).

Table 1. MR acquisition parameters.

T2-weighted MR elastography

Field of view (mm) 25625 25625

Matrix (phase 6 frequency encoding) 2566256 64664

Mechanical excitation frequency (Hz) - 500 600 700

Repetition time (ms) 2500 604 503 571

Echo time (ms) 11 30 26 23

Number of signals acquired - 8 8 8

Number of spatial dimensions acquired - 3 3 3

Section thickness (mm) 400 400

Intersection gap (mm) 0 0

In-plane spatial resolution (mm) 98 390

Number of sections 7 7

Acquisition time (s) 32 2160a

The total acquisition time corresponds to the sum of the three MR elastography experiments.
doi:10.1371/journal.pone.0094679.t001

Figure 2. Parametric maps of Gd at 600 Hz performed on thin
liver slices with fibrosis ranging from F0 to F4. With increasing
fibrosis, Gd increases as shown by the progressive changes in colors of
the parametric maps.
doi:10.1371/journal.pone.0094679.g002

Ex Vivo Liver Fibrosis Analysis with MRE in Rats

PLOS ONE | www.plosone.org 3 April 2014 | Volume 9 | Issue 4 | e94679



The mean area of fibrosis assessed with morphometry was

2.2962.26% for the whole cohort. Details according to the fibrosis

stage are given in Table 2. The correlation between the fibrosis

stages and the fibrosis areas was excellent (r = 0.96, p,10-4). No

rat developed steatosis.

Relation between MR elastography parameters and
fibrosis extent

In the phantoms, all viscoelastic parameters were extracted with

coefficients of variation,1%. In rats with normal liver, the

viscoelastic parameters were extracted with coefficients of varia-

tion,2%.

The viscoelastic parameters for the three mechanical frequen-

cies are detailed in Table 3. The moduli G* and Gd increased

significantly with the progression of fibrosis (ANOVA, p,10-4)

(Fig. 3) at 500, 600 and 700 Hz. At 600 and 700 Hz, Gl showed

no significant increase from F0 to F3, and a significant increase for

F4 (p,1024 and p = 0.002 for 600 Hz and 700 Hz, respectively).

There was no significant increase of Gl at 500 Hz with increasing

fibrosis.

At simple regression, there were significant relations between

the METAVIR stage and all the viscoelastic parameters, except c.

The multiple linear regression identified Gd at 600 Hz as the only

parameter related to the METAVIR score (r = 0.86, p,1024)

(Table 4). Similarly, there were significant correlations between

the areas of fibrosis assessed with morphometry and all the

viscoelastic parameters but c (r = 0.56–0.86, p,1024) (Table 4

and Fig. 4).

There was no influence of the METAVIR necro-inflammatory

activity on G*, (p = 0.21, p = 0.15, and p = 0.13 at 500, 600, and

700 Hz, respectively), Gd (p = 0.15, p = 0.10, and p = 0.11 at 500,

600, and 700 Hz, respectively) or Gl (p = 0.59, p = 0.43, and

p = 0.23 at 500, 600, and 700 Hz, respectively).

ROC curve analysis at 600 Hz
The ROC curve analysis has been focused on the diagnostic

performance at 600 Hz, as Gd at 600 Hz was found to be

correlated with the METAVIR score and the area of fibrosis at

multiple regression. The AUROCs of Gd ranged from 0.9260.04

for F$2 to 0.9560.03 for F4 (Fig. 5). The Obuchowski measure

for Gd was 0.8960.03. It was significantly higher than that of Gl

(0.7860.04, p = 0.028) but not than that of G* (0.8860.03,

p = 0.84).

For the identification of fibrosis$2, the cut-off value of 2.92 kPa

for Gd at 600 Hz had sensitivity, specificity, positive and negative

predictive values of 87%, 81%, 91%, and 73%, respectively.

For the identification of fibrosis = 4, the cut-off value of 3

.31 kPa for Gd at 600 Hz had sensitivity, specificity, positive and

negative predictive values of 87%, 90%, 76%, and 93%,

respectively.

Discussion

The results of our study show that, in an ex-vivo model of thin

liver slices, the viscoelastic parameters assessed with three-

dimensional multifrequency MR elastography are substantially

associated with the extent of fibrosis. Among these parameters,

Gd, a parameter related to tissue elasticity, was the only factor

Table 2. METAVIR score and fibrosis area of the rat population (N = 47).

F0 (N = 8) F1 (N = 8) F2 (N = 8) F3 (N = 8) F4 (N = 15)

A0 (N = 8) 8 0 0 0 0

A1 (N = 31) 0 4 7 8 12

A2 (N = 8) 0 4 1 0 3

Area of fibrosis (mean% ± SD) 0.3360.16 0.6460.17 1.2760.06 2.160.7 4.8562.27

doi:10.1371/journal.pone.0094679.t002

Table 3. Details of the viscoelastic parameters according to the METAVIR score.

Total population
(N = 47) F0 (N = 8) F1 (N = 8) F2 (N = 8) F3 (N = 8) F4 (N = 15)

ANOVA (p
value)

500 Hz 3.4360.69 2.4660.54 3.060.41 3.2760.3 3.3660.15 3.9860.65 ,1024

G* (kPa) 600 Hz 3.6660.67 2.9260.26 3.260.36 3.4360.15 3.7360.39 4.460.36 ,1024

700 Hz 4.7360.79 3.9660.42 4.260.49 4.4560.23 4.8860.38 5.5660.64 ,1024

c 0.9960.38 1.3360.69 0.9060.14 0.9060.24 0.7460.11 0.9960.25 0.031

500 Hz 2.9560.6 2.4860.40 2.6+/20.40 2.860.30 3.360.40 3.460.60 ,1024

Gd (kPa) 600 Hz 3.1560.6 2.4360.26 2.7360.35 2.9260.15 3.260.42 3.860.44 ,1024

700 Hz 4.160.70 3.360.40 3.760.40 3.860.20 4.260.40 4.960.60 ,1024

c 0.9960.38 1.2960.66 0.8860.19 0.9060.26 0.7460.14 1.0460.24 0.063

500 Hz 1.560.3 1.460.40 1.560.20 1.460.20 1.560.30 1.760.30 0.066

Gl (kPa) 600 Hz 1.860.3 1.660.20 1.660.20 1.660.20 1.860.20 2.160.20 ,1024

700 Hz 2.260.4 2.160.50 1.960.20 2.160.10 2.360.10 2.560.30 0.002

c 1.160.53 1.3560.9 0.7260.38 1.0760.37 1.2660.55 1.1460.30 0.150

doi:10.1371/journal.pone.0094679.t003
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identified at multiple regression. This parameter showed excellent

performance in distinguishing between the different stages of

fibrosis, as illustrated by its high Obuchowski measure. However,

the diagnostic performance of Gd did not differ significantly from

that of G*.

MR elastography has been shown to be useful for staging liver

fibrosis in humans [8–12]. However, the studies are limited by

several factors including the acquisition of MR images with low

spatial resolution, the presence of respiratory artifacts, the

sampling variability with small biopsies and the use of semi-

quantitative histological scores [24]. Better correlations between

imaging and pathology can be obtained when MR elastography is

performed in small animal models of liver fibrosis. Indeed, in these

models, semi-quantitative and quantitative measurements of

fibrosis area in the whole liver can be obtained [12]. However,

the problem of respiratory artifacts during MR elastography and

the difficulty of precise matching the MR imaging and histological

slices remain in animal studies.

In our study, we address these issues by showing the feasibility of

performing three-dimensional multifrequency MR elastography in

an ex-vivo model of thin slices of liver fibrosis. With this model,

artifact-free, viscoelastic maps of the liver can be obtained with a

high spatial resolution of 39063906400 microns as shown in

Fig. 2. This model is free from steatosis and cholestasis, thus

offering an MR elastographic analysis of merely ‘‘pure’’ fibrosis,

with some inflammation. Furthermore, the three-dimensional MR

elastography used in our study is ideally suited to assess various

viscoelastic parameters, including G* reflecting the stiffness, Gd

reflecting the elasticity, and Gl related to the viscosity, by using an

inversion algorithm of the complex wave equation [14). With this

method, we observed that Gd was the best viscoelastic parameter

to quantify liver fibrosis as it showed a substantial relation with

both the METAVIR score and the area of fibrosis at morphom-

etry.

If we observed a clear association between the viscoelastic

parameters and the liver fibrosis stage, we did not observe such

association between the viscoelastic parameters and the liver

inflammation grade. In contrast to this last finding, liver

inflammation has been reported to increase liver stiffness in

previous studies performed with ultrasound elastography [26].

Our negative results regarding the influence of inflammation may

be explained by the fact that most livers in our study had no or

mild inflammation (83%). Only 17% of the livers had moderate

inflammation and no case of severe inflammation was observed.

This high proportion of livers with mild inflammation was

intentionally obtained, as the rats were sacrificed three days after

the end of the carbon tetrachloride intoxication to decrease

inflammation and obtain a model of relatively ‘‘pure’’ fibrosis.

Again, the aim of our study was not to assess the influence of

Figure 3. Distribution of Gd (kPa) according to METAVIR stages
of fibrosis with mechanical excitation of 600 Hz. There is a
progressive increase of Gd according to the METAVIR stage. Line within
boxes represents median, lower and upper limits of boxes represent 25
and 75 percentiles respectively. Whiskers represent 10 and 90
percentiles.
doi:10.1371/journal.pone.0094679.g003

Table 4. Correlations between the viscoelastic parameters on one hand and the METAVIR scores and the percentages of fibrosis
on the other.

Correlation with METAVIR Correlation with % of fibrosis

Simple regression Multiple regression Simple regression Multiple regression

r p r p r p r p

500 Hz 0.75 ,1024 0.72 ,1024

G* (kPa) 600 Hz 0.84 ,1024 0.84 ,1024

700 Hz 0.79 ,1024 0.81 ,1024

c 20.25 0.08 20.14 0.17

500 Hz 0.77 ,1024 0.73 ,1024

Gd (kPa) 600 Hz 0.86 ,1024 0.86 ,1024 0.86 ,1024 0.86 ,1024

700 Hz 0.80 ,1024 0.80 ,1024

c 20.16 0.14 20.08 0.38

500 Hz 0.40 0.004 0.56 ,1024

Gl (kPa) 600 Hz 0.69 ,1024 0.77 ,1024

700 Hz 0.50 ,1024 0.60 ,1024

c 0.03 0.42 20.03 0.43

doi:10.1371/journal.pone.0094679.t004
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inflammation on the viscoelastic parameters, but to assess which

viscoelastic parameter had the best diagnostic performance to

assess liver fibrosis.

In contrast to Gd, Gl did not increase until the fibrosis level F2,

followed by an increase for major fibrosis (F3 and F4). Similar

results, i.e. a slight increase of Gl until F3 and a higher increase for

severe F4 fibrosis, have been recently published by Leclerc et al. in

human fibrosis [27]. These results are in accordance with

previously reported results, showing that Gd (related to the

elasticity) was superior to Gl (related to the viscosity) to stage

human liver fibrosis [15,27]. In contrast to the observations in liver

fibrosis, recent studies show that Gl is superior to Gd for

determining the malignancy of liver tumors [13]. These findings

show that different viscoelastic parameters that can be measured

with three-dimensional MR elastography are of value for the

assessment of different liver diseases.

However, in our study, the superiority of Gd relative to the

other viscoelastic parameters for the correlations with the severity

of liver fibrosis did not translate in an increased accuracy of Gd

relative to G* for fibrosis staging. Indeed, the Obuchowski

measure of Gd (0.8960.03) was not significantly higher than that

of G* (0.8860.03). The shear modulus G* reflects tissue stiffness or

its elasticity if one considers that the tissue is purely elastic

(meaning that the viscosity equals zero). Tissue stiffness is also the

only parameter than can be assessed with ultrasound or MR

elastography methods based on the simple measurement of shear

wave speed. Our results show that G* is an accurate parameter for

determining the severity of liver fibrosis as shown by its high

Obuchowski measure. This also implies that elastography methods

that measure tissue stiffness by looking at wave speed are valid for

assessing fibrosis severity.

We used a multifrequency approach that allows calculating the

exponent of the frequency power law, c, which reflects tissue

geometry [14]. In our study, c was not associated with the

progression of fibrosis, and showed no significant variation

between the different METAVIR groups. Similar results have

been reported by Asbach et al. [10] in liver fibrosis in humans.

Two concerns may be raised in studies about fibrosis severity

assessment, one regarding the use of semiquantitive histological

scoring as reference method and the other regarding the use of

conventional ROC analysis for determining accuracy [18,24]. It

has been suggested that the quantification of the area of fibrosis at

morphometry is a better indicator of fibrosis severity than fibrosis

staging with semiquantititave scoring systems. Indeed, these

scoring systems such as the METAVIR score are considered to

assess the architectural changes rather than measure the amount

of fibrosis and are prone to intraobserver and interobserver

variability [18]. However, in our study, we did not observe a

difference in the strength of the relations between the viscoelastic

parameters and those two references, namely morphometry and

METAVIR scoring. This suggests that METAVIR scoring, when

performed on sufficiently large tissue samples, remains an

adequate method for assessing the severity of liver fibrosis [28].

For determining the accuracy of non-invasive fibrosis staging

methods, the conventional ROC approach is used in most studies

[8,10]. This approach has been challenged for two reasons. First,

the determination of the AUROC is based on the assumption that

the reference examination is binary, whereas fibrosis staging uses

an ordinal scale. Second, the proportion of each stage of fibrosis in

the sample might not fit the distribution in the reference

population to which the indices are applied. As a result, the

comparison of different AUROCs based on samples with different

stage distributions may be flawed. Obuchowski described a

measure that overcomes these two methodological issues [29–

31]. Therefore, we used the Obuchowski measure in our study.

This measure confirmed the superiority of Gd over Gl, as the

Obuchowski measure of Gl was significantly lower than that of Gd

(0.7860.04 versus 0.8960.03, p = 0.028).

Our study has some limitations. First the carbon tetrachloride

intoxication model leads to relatively small amounts of liver

fibrosis, even after several weeks of injections. These amounts

differ from those observed in human fibrosis and might lead to a

bias in the MR elastography evaluation. Second, the viscoelastic

properties of our ex vivo model may differ from those in vivo,

mainly because of the absence of tissue perfusion ex-vivo.

Nevertheless, the ex-vivo model might also help characterizing

the effect of liver fibrosis severity on the viscoelastic parameters,

without confounding effects.

In conclusion, our ex-vivo thin-liver slice rat model allowed

precise analysis of liver viscoelastic parameters with three-

dimensional multifrequency MR elastography at 7T. The storage

modulus Gd was the viscoelastic parameter that had the best

association with liver fibrosis severity but its diagnostic perfor-

mance did not differ significantly from that of the complex shear

modulus G*.

Figure 4. Correlation between Gd and the area of fibrosis with
details of the METAVIR stages (A) and the necro-inflammatory
activity (B).
doi:10.1371/journal.pone.0094679.g004
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