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Liver stiffness is a sensitive but nonspecific 
indicator of hepatic disease, while damping 
ratio is an independent parameter that can 
complement liver stiffness to distinguish in-
flammation from fibrosis in the early stages 
of chronic liver disease, even before the 
development of histologically detectable 
necroinflammation and fibrosis.
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Purpose: To investigate the utility of magnetic resonance (MR) elas-
tography–derived mechanical properties in the discrim-
ination of hepatic inflammation and fibrosis in the early 
stages of chronic liver diseases.

Materials and 
Methods:

All studies were approved by the institutional animal care 
and use committee. A total of 187 animals were studied, 
including 182 mice and five pigs. These animals represent-
ed five different liver diseases with a varying combination 
and extent of hepatic inflammation, fibrosis, congestion, 
and portal hypertension. Multifrequency three-dimension-
al MR elastography was performed, and shear stiffness, 
storage modulus, shear loss modulus, and damping ratio 
were calculated for all animals. Necroinflammation, fibro-
sis, and portal pressure were either histologically scored 
or biochemically and physically quantified in all animals. 
Two-sided Welch t tests were used to evaluate mean dif-
ferences between disease and control groups. Spearman 
correlation analyses were used to evaluate the relation-
ships between mechanical parameters and quantitative 
fibrosis extent (hydroxyproline concentration) and portal 
pressure.

Results: Liver stiffness and storage modulus increased with pro-
gressively developed fibrosis and portal hypertension 
(mean stiffness at 80 Hz and 48-week feeding, 0.51 kPa 
6 0.12 in the steatohepatitis group vs 0.29 kPa 6 0.01 
in the control group; P = .02). Damping ratio and shear 
loss modulus can be used to distinguish inflammation 
from fibrosis at early stages of disease, even before the 
development of histologically detectable necroinflamma-
tion and fibrosis (mean damping ratio at 80 Hz and 20-
week feeding, 0.044 6 0.012 in the steatohepatitis group 
vs 0.014 6 0.008 in the control group; P , .001). Damp-
ing ratio and liver stiffness vary differently with respect to 
cause of portal hypertension (ie, congestion- or cirrhosis-
induced hypertension). These differentiation abilities have 
frequency-dependent variations.

Conclusion: Liver stiffness and damping ratio measurements can ex-
tend hepatic MR elastography to potentially enable as-
sessment of necroinflammatory, congestive, and fibrotic 
processes of chronic liver diseases.

q RSNA, 2017

Online supplemental material is available for this article.
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in vivo animal models with hepatic in-
flammation, fibrosis, congestion, and 
portal hypertension. The main purpose 
of this study was to investigate the utility 
of MR elastography–derived mechanical 
properties in the discrimination of he-
patic inflammation and fibrosis in the 
early stages of chronic liver diseases.

Materials and Methods

Animal Use
All activities related to animal sub-
jects were reviewed and approved by 
the Mayo Clinic institutional animal 
care and use committee. A total of 
182 mice and five pigs were used in 
this study. These animals represent 
models of five different liver diseases 
(knockout autosomal recessive poly-
cystic kidney disease [ARPKD], car-
bon tetrachloride [CCl4]-induced liver 
disease, NAFLD, hepatic venous con-
gestion, and fumarylacetoacetate hy-
drolase–deficient disease), with a prior 
power analysis performed to justify 
the number of mice in each subgroup 
(Appendix E1 [online]). The pigs were 
used to complete and demonstrate the 
big picture of varying MR elastogra-
phy parameters in the long history of 

of cells and soft tissues (1,2). The me-
chanical properties of liver tissue ap-
pear promising in the differentiation 
of several abnormal conditions of the 
liver (3–6). Magnetic resonance (MR) 
elastography is a noninvasive imaging 
technology that can be used to measure 
tissue stiffness. This technique is be-
ginning to see widespread clinical use 
in assessing hepatic fibrosis as a safer, 
more comfortable, and less expensive 
alternative to biopsy; it can also reduce 
biopsy-related complications and sam-
pling errors (7–10).

Many investigations have shown 
that liver stiffness can have a static 
component that is mainly determined 
by extracellular matrix composites and 
structure (eg, hepatic fibrosis) and a 
dynamic component that is affected 
by intrahepatic hemodynamic changes 
(eg, inflammation, congestion, and por-
tal hypertension) (11–13). The ability 
to distinguish how these components 
contribute to tissue stiffness and how 
the contributions change with different 
diseases temporally over the course of 
disease development will have important 
diagnostic and prognostic implications 
and will direct translational research. 
However, the value of mechanical prop-
erties other than shear stiffness in dis-
tinguishing different pathophysiologic 
states of the liver has yet to be estab-
lished. These quantities include both 
model-free properties (eg, the complex 
shear modulus, volumetric strain, and 
frequency dispersion of mechanical 
properties) and model-based viscoelas-
tic parameters (Appendix E1 [online]).

In this study, we evaluated the 
utility of the complex shear modulus  
( = +* ' ''

iG G G ), where Gꞌ is storage mod-
ulus and Gꞌꞌ is shear loss modulus; shear 
stiffness ( = +* 2 2| | ' ''G G G ); and damp-
ing ratio ( ''/(2 ')G Gζ = ), as measured 
with multifrequency three-dimensional 
MR elastography in five well-established 
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Advances in Knowledge

 n MR elastography–derived mea-
surements of damping ratio and 
loss modulus can be used to 
detect inflammation before the 
onset of fibrosis (eg, steatohepa-
titis mouse model with 20 weeks 
of a fast-food diet vs a control 
mouse of the same age: mean 
damping ratio, 0.044 6 0.012 
[standard deviation] vs 0.014 6 
0.008, P , .001; mean loss mod-
ulus, 0.028 kPa 6 0.010 vs 0.008 
kPa 6 0.005, P , .01).

 n With developed fibrosis, liver stiff-
ness increases progressively with 
fibrosis extent (steatohepatitis 
mouse model with 48 weeks of a 
fast-food diet vs a control mouse 
of the same age, 0.51 kPa 6 0.12 
vs 0.29 kPa 6 0.01; P = .02), 
while damping ratio and loss mod-
ulus are not sensitive to advanced 
abnormalities in the same two 
groups (damping ratio: 0.031 6 
0.016 vs 0.033 6 0.007, P = .98; 
loss modulus: 0.031 kPa 6 0.019 
vs 0.019 kPa 6 0.005, P = .35).

 n In animals with hepatic vascular 
congestion, liver stiffness is posi-
tively correlated with portal pres-
sure (r = 0.86, P , . 001), while 
damping ratio is negatively corre-
lated with portal pressure (r = 
20.54, P = .003).

Implication for Patient Care

 n A combination of liver stiffness 
and damping ratio may be useful 
to identify different pathophysio-
logic states, once validated in 
human studies.

Chronic liver disease has many dif-
ferent causes, including viral in-
fections, alcohol abuse, exposure 

to toxic chemicals, drug use, metabolic 
diseases (eg, nonalcoholic fatty liver 
disease [NAFLD]), autoimmune dis-
eases, congestion (eg, right-sided heart 
failure), and others. All of these cause 
chronic damage to the liver via necro-
inflammation and activation of hepatic 
stellate cells and lead to the accumu-
lation of extracellular matrix protein, 
which distorts the hepatic architecture 
by forming hepatic fibrosis with abnor-
mal collagen deposition. Many inves-
tigations have shown that mechanical 
properties are promising surrogates 
with which to monitor and character-
ize various pathophysiologic conditions 
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the quantitative portal pressure and fi-
brosis extent measurements. A correla-
tion coefficient (r) of 0.7 or more was 
considered satisfactory, r greater than 
0.8 was considered good. All statistical 
analyses were performed with a signifi-
cance level of P ,.05 by using commer-
cially available software (JMP Pro 11; 
SAS Institute, Cary, NC).

Results

General Findings with Multifrequency 
Three-dimensional Liver MR Elastography
Shear waves were generated with suf-
ficient amplitude at all frequencies in 
the various animal models. Four rep-
resentative frequencies from lowest 

Statistical Analyses
In all animal models, the mean differ-
ence of mechanical properties (stor-
age modulus, shear loss modulus, liver 
stiffness, and damping ratio) or histo-
logic results (steatosis, necroinflam-
mation, and fibrosis, when appropri-
ate) between the animals with disease 
and those in the control group at the 
same age or time (Table 1) (ARPKD, 
age; CCl4, drug administration time; 
nonalcoholic steatohepatitis [NASH], 
food feeding time; pIVCL, postsurgery 
time) were evaluated with two-sided 
Welch t tests. In the pIVCL congestive 
liver mouse model, Spearman corre-
lation analysis was used to assess the 
relationship between the calculated 
mechanical properties of the liver and 

chronic liver disease because all the 
mouse models had moderate to severe 
liver fibrosis without substantial com-
plications. Twenty-seven mice were 
assessed in the congestion model and 
five pigs were assessed in other studies 
(14,15); these studies were focused on 
the mechanism of disease, not on im-
aging techniques. Different protocols 
involving one-time or repeated MR 
elastography, tissue harvesting, blood 
collection, and portal pressure mea-
surement were performed before the 
specified time for animal euthanasia 
in each subgroup (Table 1) Details of 
the imaging and testing protocols are 
given in Appendix E1 (online). The ex-
perimental set-ups for mouse and pig 
models are shown in Figure 1.

Table 1

Summary of Age, Number of Subjects, and Mean Body Weight at the Time of Euthanasia in the Five Animal Models

Animal Model

Disease Group Control Group Total No.  
of AnimalsNo. of Animals Body Weight (g) No. of Animals Body Weight

ARPKD mouse model* … … … … 36
 1 mo 3 male, 3 female 15.1 6 0.2, 13.1 6 0.1 3 male, 3 female 12.3 g 6 0.1, 11.6 g 6 0.2 …
 3 mo 3 male, 3 female 29.2 6 0.8, 27.2 6 1.3 3 male, 3 female 28.0 g 6 1.8, 26.8 g 6 1.0 …
 6 mo 3 male, 3 female 35.7 6 1.2, 32.9 6 2.0 3 male, 3 female 31.7 g 6 1.2, 29.1 g 6 0.9 …
CCl4 mouse model† … … … … 24
 1 wk 3 male 22.3 6 0.9 3 male 21.8 g 6 1.7 …
 2 wk 3 male 20.8 6 1.3 3 male 22.7 g 6 1.1 …
 4 wk 3 male 24.3 6 2.0 3 male 23.9 g 6 0.9 …
 6 wk 3 male 22.7 6 0.7 3 male 23.0 g 6 1.4 …
Mouse model of NAFLD‡§ … … … … 95
 1 wk 13 male 29.1 6 1.3 11 male 27.1 g 6 2.2 …
 12 wk 8 male 40.4 6 3.7 6 male 26.5 g 6 1.5 …
 24 wk 8 male 48.8 6 2.6 6 male 30.4 g 6 2.3 …
 36 wk 16 male 54.5 6 5.1 11 male 32.3 g 6 1.8 …
 48 wk 10 male 55.9 6 9.8 6 male 31.9 g 6 2.1 …
pIVCL mouse model|| … … … … 27
 2 wk 6 male 24.8 6 2.9 3 male 27.9 g 6 2.0 …
 4 wk 5 male 26.8 6 1.2 4 male 26.7 g 6 0.9 …
 6 wk 5 male 29.0 6 1.9 4 male 27.6 g 6 0.9 …
FAH-deficient pig model#§ … … … … 5
 5–6 mo ... ... 3 female 26 kg (5 mo), 26.5 kg (5 mo),  

34 kg (6 mo)
 22 mo ... ... 1 male, 1 female 142 kg, 118 kg

Note.—Body weight is given as mean 6 standard deviation. FAH = fumarylacetoacetate hydrolase, pIVCL = partial inferior vena cava ligation.

* Mice were born January 15, 2013. MR elastography was performed between February 12 and August 20, 2013.
† Mice were born between September 27 and October 2. MR elastography was performed between November 16 and December 21, 2014.
‡ Mice were born on August 19, 2014. MR elastography was performed between November 17, 2014, and October 13, 2015.
§ Monthly MR elastography examinations were performed (Appendix E1 [online]).
|| Mice were born between October and November 2014. MR elastography was performed between January 10 and February 7, 2015.
# Pigs were born between January and May 2013. MR elastography was performed between July 3, 2013, and March 13, 2015.
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results of Welch t tests in Table E1 
(online) and selected bar plots in  
Figures 2–4. Figure 5 shows the results 
and Spearman correlation analysis for 
the congestive liver model.

ARPKD Mouse Model with Congenital 
Chronic Liver Disease
In this mouse model, there were no 
significant differences between the sex-
es for either the histologic analysis or 
the mechanical properties in any age 
group (P . .05). The extent of fibro-
sis in the mice with disease increased 
significantly over time when compared 
with that in the age-matched control 

We investigated the four mechan-
ical properties (storage modulus, 
shear loss modulus, liver stiffness, 
and damping ratio) in the first three 
animal models (Table E1 [online], 
four representative frequencies and 
three or four time intervals were se-
lected to simplify the table). In gen-
eral, the combination of liver stiffness 
and damping ratio had a differenti-
ation performance similar to that of 
storage modulus and loss modulus for 
all animal models. We selected liver 
stiffness and damping ratio for the 
figure presentations. Our findings in 
each mouse model are described as 

to highest were selected to illustrate 
the mouse data in Figure 1c. No im-
portant respiratory motion artifacts 
were observed in the free-breathing 
mouse imaging protocol. Elastograms 
(ie, liver stiffness maps) are shown 
for one section through the middle of 
the liver. Across all animals, the volu-
metric liver stiffness values had mean 
intraregion of interest variabilities of 
0.11 kPa 6 0.04 (standard deviation) 
(range, 0.03–0.50 kPa) in mice and 
0.37 kPa 6 0.20 (range, 0.1–1.3 kPa) 
in pigs, and the mean liver stiffness in-
creased progressively with the vibra-
tion frequency.

Figure 1

Figure 1: (a, b) Experimental set-up of liver MR elastography imaging in mice (a) and pigs (b) respectively. (c) In vivo mul-
tifrequency three-dimensional wave images and elastograms. Wave images at multiple frequencies indicate good shear wave 
propagation throughout the majority of the liver. The three orthogonal motion directions refer to x (frequency-encoding direction), 
y (phase-encoding direction), and z (section direction). Elastograms were obtained with the three-dimensional direct inversion 
algorithm. Transverse magnetization (anatomic) images of a mouse with NAFLD (coronal plane) and a fumarylacetoacetate hy-
drolase pig (axial plane) are shown in the right column. The white dot in the center of the mouse liver is where the silver needle 
was applied. The color maps used for the wave and stiffness images are also shown in this column.
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successfully distinguish mice with mod-
erate to severe fibrosis from control an-
imals after 4 and 6 weeks of treatment; 
however, we were not able to detect 
inflammation, necrosis, or mild fibro-
sis after only 1–2 weeks of treatment. 
Loss modulus and damping ratio could 
be used to detect the early onset of in-
flammation and necrosis at 1 week (200 
Hz only), but they were not able to de-
tect further increased liver injury after 2 
weeks of CCl4 administration (Table E1 
[online], Fig 3c). At the lowest frequency 
of 80 Hz, no significant changes were ob-
served between the mice that received 
CCl4 and the control animals at any time 
point for any of the mechanical prop-
erties (Table E1 [online]).

NAFLD or NASH Mouse Model with 
Steatosis, Inflammation, Ballooning, and 
Fibrosis
Figure 4 shows histologic images and 
corresponding MR lastography–as-
sessed liver stiffness and damping ratio 

did not show significant differences for 
any age group (Table E1 [online]).

CCl4 Mouse Model with Drug-induced 
Chronic Liver Injury
In this drug-induced chronic liver injury 
mouse model, significant portal inflam-
mation and confluent necrosis were ob-
served in the liver within 1 week after 
CCl4 administration. However, no fibro-
sis was found at this early stage of liver 
injury, as shown in Figure 3a. With in-
creasing CCl4 exposure, hepatic inflam-
mation and necrosis decreased. Mild to 
moderate hepatic fibrosis developed in 
the liver within 2 weeks of CCl4 admin-
istration. The fibrosis extent increased 
to moderate or severe levels after 4–6 
weeks of exposure. Necroinflammation 
and fibrosis were not observed in the 
liver in the control animals that received 
olive oil.

As shown in Appendix E1 (online) 
and Figure 3b, liver stiffness and stor-
age modulus at 200 Hz enabled us to 

animals (P , .001 for all groups)  
(Fig 2a). Portal inflammation was not 
detectable in the 1-month-old mice 
with disease, and the extent of disease 
increased significantly but remained 
consistently mild in 3- and 6-month-
old mice with disease (Fig 2a). No ne-
crosis was observed in the mice with 
ARPKD.

MR elastography–assessed liver 
stiffness and storage modulus at 80 Hz 
enabled us to successfully distinguish the 
mice with ARPKD from control animals 
for all age groups (Table E1 [online],  
Fig 2b). At higher frequencies, these 
two metrics did not enable us to 
identify fibrosis in younger mice with 
disease. However, the mean loss modu-
lus and damping ratio values at 80 and 
100 Hz were significantly elevated in the 
1-month-old mice with disease; how-
ever, there was no significant difference 
in older mice with disease, as shown in 
Figure 2c. Loss modulus and damping 
ratio at frequencies higher than 100 Hz 

Figure 2

Figure 2: MR elastography results and histologic analyses for the ARPKD mouse model. (a) Histologic analysis shows that 
mice with ARPKD had mild fibrosis but no observable portal inflammation after weaning (1 month old). They then developed 
mild inflammation and moderate fibrosis by 3 months. All control animals had normal histologic findings. (b, c) MR elastography 
results of liver stiffness (b) and damping ratio (c) at 80 Hz. Welch t tests were performed to compare mice with ARPKD and 
control mice at 1, 3, and 6 months of age. (The number of animals was 6:6 for each comparison.)
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NASH groups vs the control group: 
week 8, 0.07 6 0.01 vs 0.04 6 0.01, P 
= .009; week 12, 0.08 6 0.02 vs 0.05 
6 0.01, P = .009); however, no sig-
nificant change was observed at any 
other time. At the lowest frequency of 
80 Hz, damping ratio increased sub-
stantially from week 12 to week 40, 
with peak elevation at week 20. There 
was no significant change in damping 
ratio at all frequencies from week 44 
to week 48. Throughout the lifespan 
of mice with NAFLD, damping ratios 
at high frequencies generally yielded 
earlier detection of disease than did 
those at low frequencies, as shown in 
Figure 4h and Table E1 (online). We 
also observed that the standard de-
viation of MR elastography measure-
ments (storage modulus, shear loss 
modulus, liver stiffness, and damping 

onset of minimal fibrosis from 1 to 
12 weeks. From 16 to 32 weeks, liver 
stiffness increased significantly at low 
frequency (|G*| at 80 Hz in nonalco-
holic fatty liver and NASH groups vs 
the control group: week 16, 0.31 kPa 
6 0.02 vs 0.28 kPa 6 0.02, P = .04; 
week 32, 0.46 kPa 6 0.08 vs 0.31 kPa 
6 0.03, P = .001) but decreased sig-
nificantly at high frequency (|G*| at 
200 Hz for nonalcoholic fatty liver and 
NASH groups vs the control group: 
week 16, 0.98 kPa 6 0.06 vs 1.07 kPa 
6 0.07, P = .03; week 20, 0.98 kPa 6 
0.03 vs 1.06 kPa 6 0.04, P = .003). 
From 36 to 48 weeks, liver stiffness at 
all working frequencies progressively 
increased with time. Damping ratio at 
the highest frequency of 200 Hz in-
creased significantly as early as week 
8–12 (z at 200 Hz for NAFLD and 

maps at 80 Hz in mice with NAFLD af-
ter 1, 24, and 48 weeks of a fast-food 
diet. The selected intermediate time 
point of 24 weeks was crucial in this 
mouse model because the time point 
represents the beginning of definitive 
NASH diagnosis with histologic confir-
mation. According to the fibrosis as-
sessment and the suggested NAFLD (or 
NAS score) thresholds for NASH diag-
nosis (Appendix E1, Table E2 [online]), 
this mouse model had nonalcoholic 
fatty liver from 1 to 12 weeks, border-
line NASH from 16 to 20 weeks, and 
definite NASH from 24 to 48 weeks.

Statistical analysis results of MR 
elastography measurements at four 
selected time points are shown in 
Table E1 (online). Liver stiffness at 
all working frequencies could not be 
used to distinguish NAFLD and early 

Figure 3

Figure 3: MR elastography results and histologic analyses in the CCl
4
 mouse model. (a) Chart shows necroinflammation 

and fibrosis extent in the livers of mice with disease and CCl
4
 administration. All control animals had normal histologic 

findings. (b, c) MR elastography results of liver stiffness (b) and damping ratio (c) at 200 Hz. Paired t tests were performed 
to compare CCl

4
 mice and age-matched control animals at 1, 2, 4, and 6 weeks of administration. (The number of animals 

was 3:3 for each comparison.) Shear stiffness (b) and damping ratio (c) showed that the liver stiffness increased gradually 
with the CCl

4
 exposure time and could be used to detect significant fibrosis at weeks 4 and 6. Early liver injury could be 

distinguished with only the significantly increased damping ratio in the treatment group.
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Figure 4

Figure 4: Histologic analyses, MR imaging, and elastography results in mice with NAFLD or NASH. (a, b) Histologic images stained 
with hematoxylin-eosin (H&E ) or sirius red (a) and MR elastography–assessed liver stiffness (80 Hz) and damping ratio (80 Hz) maps  
(b) in selected mice with NAFLD or NASH on 1, 24, and 48 weeks of a fast-food diet. Livers are delineated with dotted lines. Locations 
of the vibrating needle (yellow ) were excluded from calculation. (c–e) Graphs show steatosis and weight analyses (c and f ),  
inflammation analyses of cellular injury and fibrosis (d), and alanine aminotransferase analyses (e) of the mice with NAFLD or NASH. 
At each individual frequency (80–200 Hz), comparisons of MR elastography parameters were performed between mice with NASH 
and control mice at every different feeding time from 1 week to 48 weeks (selected time points and frequencies are given in Appendix 
E1 [online]). (g, h) To simplify graphic illustration, liver stiffness (g) and damping ratio (h) were normalized with regard to the same  
age control groups (ie, means in animals with disease were divided by means in control animals). All comparisons were performed 
with Welch t tests between the disease and control subgroups at different frequencies prior to normalization. Significant increases  
(red arrow) and decreases (blue arrow) are indicated for each comparison. The number of animals (animals with disease vs control 
animals) is also indicated in gray at the bottom of the horizontal axis in e and h. Data for control animals are not shown in all bar plots.
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.003) but no correlation with fibro-
sis extent (P . .2).

Fumarylacetoacetate Hydrolase Pig Model 
with Spontaneous Portal Hypertension 
and Gastrointestinal Bleeding
In the fumarylacetoacetate hydrolase–
deficient pig model, two pigs (one male, 
one female) out of five were followed 
with MR elastography monthly for more 
than 1 year. The other three pigs were 
euthanized before the age of 6 months 
because of poor health (Appendix E1 
[online]). The male pig had minimal 
ascites, steatosis, hepatocellular hy-
pertrophy, and minimal fibrosis at the 
time of the first MR elastography exam-
ination (2 months old). At 11 months 
of age, this pig had spontaneous gas-
trointestinal bleeding, consistent with 
severe portal hypertension. As shown 
in Figure 6a, shear stiffness and damp-
ing ratio increased to their maximum 

surgery (P = .15, P = .25, P = .09, 
respectively).

Table 2 and Figure 5 show the 
correlation analysis between the 
mechanical properties and the mea-
sured portal pressure and fibrosis 
extent in this congestive liver model. 
We observed either satisfactory (80 
Hz, r . 0.7) or good (100–200 Hz, 
r . 0.8) positive correlations be-
tween the portal pressure and liver 
stiffness and storage modulus (P , 
.001). However, neither quantity 
was correlated with fibrosis extent 
in this model (r , 0.33, P . .07). 
The loss modulus at 200 Hz had a 
significant negative correlation with 
portal pressure (r = 20.44, P = .02) 
but was not correlated with fibro-
sis extent (P = .22). For damping 
ratio, measurements at 200 Hz had 
a significant negative correlation 
with portal pressure (r = 20.54, P = 

ratio) decreased with increasing 
frequency.

pIVCL Mouse Model with Congestive Liver 
Disease
In the pIVCL mouse model of conges-
tive liver disease, portal hypertension 
developed immediately after surgery. 
However, no significant fibrosis (ie, 
hydroxyproline concentration) was 
found in any time group of these mice 
with pIVCL (P . .07). The mean por-
tal pressure in the congestive livers 
of mice with pIVCL was significantly 
higher than that in control mice at 
each time point after surgery (P , 
.001) (Fig 5a). The mean portal pres-
sure also decreased progressively 
with time, but this decrease was not 
significant (P . .2). When compared 
with the control groups, no signifi-
cant fibrosis developed in the mice 
with pIVCL at 2, 4, or 6 weeks after 

Figure 5

Figure 5: Mechanical properties of the liver in the pIVCL mouse model assessed with MR elastography. (a) Chart shows 
portal pressure measurement and hydroxyproline concentration in mice with pIVCL as compared with control mice. (b, c) Scat-
terplots show that liver stiffness (200 Hz) and damping ratio (200 Hz) assessed with MR elastography significantly correlated 
with portal pressure measurements.
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liver stiffness showed a substantial fre-
quency-dependent decrease in the fatty 
livers. This leads to poor differentiation 
of these quantities, especially at high 
frequencies, to detect early onset of mild 
hepatic fibrosis and hepatocellular bal-
looning in the animals with NAFLD and 
borderline NASH diagnoses. This finding 
may help explain why liver stiffness has 
better performance in the detection of 
clinically significant (F 2) or advanced 
(F 3) hepatic fibrosis in patients with 
NAFLD or NASH (25–27) for both US- 
and MR-based elastography. It suggests 
that a high level of steatosis may lead to 
unchanged or even decreased liver stiff-
ness measurements in the early phases 
of the long history of NAFLD, especially 
for nonalcoholic fatty liver and borderline 
NASH phases when lobular inflammation 
and fibrosis are mild and hepatocellular 
injury is absent. With increasing level of 
inflammation, hepatocellular injury, and 
fibrosis, the effect of steatosis could be-
come progressively less important due 
to its consistently unchanged content or 
changed network and location in later 
phases. With US-based elastography 
techniques, there is an additional over-
estimation effect from the mismatched 
layers between subcutaneous fat and 
liver tissue (28). The frequency depen-
dency may be attributed to the dominant 
frequency response of the hierarchical 

animal models with progressively devel-
oping NASH, hepatic fibrosis, and necro-
inflammation (16–20). It has also been 
found that liver stiffness augmentation 
positively correlates with hepatic ve-
nous pressure gradient in patients with 
cirrhosis (21–23). Our results similarly 
show that both liver stiffness and storage 
modulus increase with all of the studied 
pathophysiologic conditions of the liver, 
including clinical diagnoses of definite 
NASH, inflammation, fibrosis, passive 
congestion, and portal hypertension. All 
of these findings support the generally 
accepted use of hepatic MR elastogra-
phy for clinical screening or follow-up 
in patients suspected of having chronic 
liver diseases (24). Interestingly, liver 
stiffness and storage modulus at higher 
frequencies enabled us to distinguish 
more animals with disease from control 
animals in mice with fast-food diet–in-
duced liver injury, necroinflammation 
and portal hypertension in the drug-in-
duced liver injury (CCl4), and congestive 
(pIVCL) liver, while liver stiffness and 
storage modulus at lower frequencies 
enabled us to differentiate more dis-
eased animals from control animals for 
congenital chronic liver injury in the AR-
PKD mouse model and the fumarylace-
toacetate hydrolase pig model. However, 
in the NASH mouse model, the monthly 
measurements of storage modulus and 

values at this time point. The female 
pig had no noticable liver change and 
no ascites at the time of the first MR 
elastography examination (1.5 months 
old). At 3 months of age, this pig had 
minimal ascites, altered hepatocellular 
architecture with hepatocellular hyper-
trophy, and hepatocellular cytoplasmic 
alterations. However, there was not yet 
evidence of hepatic fibrosis. As shown 
in Figure 6b, we observed that shear 
stiffness did not change substantially 
at this time point when compared with 
baseline values, while the damping ratio 
increased to the highest value observed 
over the lifespan of this pig. At the time 
of euthanasia (650 days old), both pigs 
had advanced fibrosis and portal hyper-
tension, with a mean hepatic venous 
pressure gradient of 8.7 mm Hg 6 1.2. 
The liver stiffness was near its highest 
value at this time, while the damping 
ratio was similar to its lifetime mean 
value. Both liver stiffness and damp-
ing ratio measurements at 60 Hz have 
better distinguishing performance than 
those at 80 or 100 Hz.

Discussion

It has been well established that both 
shear storage modulus and shear stiff-
ness of the liver increase with the se-
verity of chronic liver diseases in many 

Table 2

Spearman Correlation Coefficient between Selected Mechanical Parameters and Portal Pressure and Fibrosis Extent in Congestive 
Liver Model

Frequency (Hz)

Storage Modulus* Loss Modulus Shear Stiffness* Damping Ratio

r P Value r P Value r P Value r P Value

Portal pressure
 80 0.7319 ,.001* 0.1486 .46 0.7246 ,.001* 20.0618 .76
 100 0.8108 ,.001* 0.1208 .55 0.8117 ,.001* 20.1863 .35
 160 0.8696 ,.001* 20.1373 .49 0.8543 ,.001* 20.3606 .06
 200 0.8576 ,.001* 20.4407 .02* 0.8595† ,.001*† 20.5447† .003*†

Fibrosis extent
 80 0.1608 .40 0.2231 .24 0.1809 .34 0.0719 .71
 100 0.3152 .09 0.2187 .25 0.3103 .10 0.1217 .52
 160 0.2899 .12 0.2681 .15 0.3286 .08 0.2356 .21
 200 0.2529 .18 0.2320 .22 0.2521 .18 0.2071 .27

* P , .05
† Data are shown in Figure 5b and 5c.
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an increase in damping ratio and fi-
brosis causes a decrease in damping 
ratio, detection of inflammation could 
be compromised. Fortunately, the ef-
fects from steatosis and fibrosis could 
be frequency dependent. It is promising 
that damping ratio at high frequencies 
could be useful to detect hepatic inflam-
mation, which could be narrowed to the 
early phases of NAFLD or borderline 
NASH. Our results further expand the 
potential use of damping ratio to dis-
criminate two different origins of portal 
hypertension. This suggests that damp-
ing ratio has the potential to enable dis-
crimination of congestion-induced por-
tal hypertension (negative correlation) 
from fibrosis-induced portal hyperten-
sion (positive correlation). Damping 
ratio also has promise in quantification 
of the degree of liver congestion, which 
currently can be assessed only with in-
vasive portal pressure measurements.

In summary, our results validated 
the well-established fact that both shear 
storage modulus and shear stiffness of 
the liver increased progressively with 
the severity of chronic liver diseases 
with all four disease factors: inflam-
mation, fibrosis, and congestion- and 
fibrosis-induced portal hypertension. 
Second, damping ratio and loss modu-
lus increased significantly at early onset 
of liver injury or necroinflammation, 

angle and loss tangent] as described 
in Appendix E1 [online]) has been 
shown to have the potential to enable 
one to distinguish meningiomas from 
glioblastomas, anaplastic astrocytomas, 
cerebral metastases, and abscess in 27 
patients with intracranial tumors (30). 
Perepelyuk et al also found the ratio of 
liver stiffness to storage modulus (loss 
tangent) to be sensitive to very early 
onset of liver injury in an ex vivo CCl4 
mouse model (31). The ratio increased 
when edema was pronounced at day 2 
of their study, then it decreased when 
early fibrosis developed at day 14. Our 
results are in agreement with these 
findings. In the ARPKD mouse models, 
damping ratio was indicative of very 
early onset of liver injury even before 
histologic detection of cellular invasion 
of inflammation, while liver stiffness 
and other parameters were better dis-
criminators for late-stage development 
of fibrosis. In the CCl4 mouse model, 
damping ratio detected necroinflam-
mation at week 1 before the onset of 
fibrosis, then lost its detecting ability 
afterward with the progressive develop-
ment of fibrosis and decreased necro-
inflammation. The NASH mouse model 
is more complicated since both steato-
sis and fibrosis exist and progressively 
increase with time throughout the long 
history of NAFLD. If steatosis causes 

microstructure or unique microvascular 
changes in the liver tissue with different 
causes and animal species.

Shear loss modulus has also been 
associated with the severity of disease 
but has shown less potential in the de-
tection of mild-to-moderate fibrosis than 
shear stiffness or storage modulus (20). 
Recent studies have shown that loss 
modulus can be used to distinguish ma-
lignancy of liver tumors better than stor-
age modulus (29). Our results showed 
that loss modulus has marginal or poor 
association with fibrosis extent but that 
it can be a good predictor of early-on-
set liver injury before the development 
of fibrosis. It also has origin-specific 
frequency dependence. Loss modulus 
at high frequencies has the potential to 
be used to assess necroinflammation 
caused by diet- or drug-induced liver in-
jury (NASH, CCl4) and portal hyperten-
sion based on the congestive liver model 
(pIVCL); at low frequencies, it may be 
useful in the detection of early onset of 
liver injury based on the knockout AR-
PKD mouse model. This difference may 
be attributed to the coexisting polycystic 
and fibrotic structures observed in the 
ARPKD livers, which may have pro-
nounced low-frequency response to the 
fluidlike microstructure of the cysts.

Damping ratio, z, (or the essen-
tially equivalent quantities [eg, phase 

Figure 6

Figure 6: MR elastography–derived mechanical properties of the liver in a fumarylacetoacetate hydrolase–deficient (a) male and (b) female pig throughout each 
animal’s life span.
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provides multiple parameters that can 
be used to characterize different path-
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ment liver stiffness when distinguishing 
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detectable necroinflammatory cellular 
invasion. Damping ratio measurements 
also show promise in discriminating 
between congestion-induced portal hy-
pertension and fibrosis-induced por-
tal hypertension. It is anticipated that 
once MR elastography–assessed liver 
stiffness and damping ratio are val-
idated for use in the quantification of 
inflammation and fibrosis in human 
subjects, this will substantially advance 
our understanding and ability to de-
tect disease procession in the broad 
spectrum of chronic liver diseases and 
enable a large number of therapeutic 
studies to be conducted to investigate 
treatment efficacy.
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even with coexisting steatosis and fibro-
sis (NASH), or before histologically de-
tectable macrophage transformation or 
migration (ARPKD) but were not sen-
sitive to the later progressive develop-
ment of fibrosis (NASH, ARPKD, CCl4). 
Both quantities decreased significantly 
in response to hepatic congestion and 
increased substantially in response to 
portal hypertension. The combination 
of shear stiffness and damping ratio 
potentially can be used to differentiate 
early liver injury from significant fibro-
sis and advanced liver diseases.

One of the primary limitations of 
this study was that our mouse liver MR 
elastography approach is more inva-
sive compared with other approaches 
(16,32). There is potential risk of an-
imal loss (approximately 11% overall) 
or overestimation in histologic analyses 
due to the penetration injuries of he-
patic parenchyma. One of the benefits 
of our needle method is the simple wave 
pattern generated in the liver. Another 
practical benefit of our method is that 
it minimizes respiratory-related motion 
artifacts and largely shortens the image 
acquisition time by allowing for a free-
breathing acquisition strategy. Use of 
coronal imaging planes perpendicular 
to the needle driver has been shown 
to be optimal for wave visualization 
and calculation with two-dimensional 
MR elastography methods (17,33). By 
extending the method to three-dimen-
sional MR elastography coupled with 
the minimal invasiveness of the needle 
driver, our goal was to ensure optimal 
data collection of a simple wave field to 
produce the most reliable estimates of 
liver mechanical properties. Another 
limitation is that we kept the imaging 
matrix unchanged within a wide field-of-
view range to maintain reasonable im-
aging time in our pig model. However, 
this effect could have been counted in 
several repeatability and reproducibility 
studies (34–36). However, a systematic 
evaluation is still needed. Finally, MR 
elastography cannot produce equivalent 
cellular information (eg, distinguishing 
viral hepatitis from NASH) regarding 
the origin of liver disease.

In conclusion, multifrequency three-
dimensional hepatic MR elastography 
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