Ultrasound in Med. & Biol., Vol. 41, No. 5, pp. 1481–1487, 2015
Copyright Ó 2015 World Federation for Ultrasound in Medicine & Biology
Printed in the USA. All rights reserved
0301-5629/$ - see front matter

http://dx.doi.org/10.1016/j.ultrasmedbio.2015.01.002

d

Technical Note
WHAT DO WE KNOW ABOUT SHEAR WAVE DISPERSION IN
NORMAL AND STEATOTIC LIVERS?
KEVIN J. PARKER,* ALEXANDER PARTIN,* and DEBORAH J. RUBENSy
* Department of Electrical & Computer Engineering, University of Rochester, Rochester, New York, USA; and y Department of
Imaging Sciences, University of Rochester Medical Center, Rochester, New York, USA
(Received 12 August 2014; revised 29 December 2014; in final form 11 January 2015)

Abstract—A number of new approaches to measure the viscoelastic properties of the liver are now available to
clinicians, many involving shear waves. However, we are at an early stage in understanding the physical processes
that govern shear wave propagation in normal liver, with more unknowns added when pathologies such as steatosis
are present. This technical note focuses on what is known about the characterization of normal and steatotic (or fatty)
livers, with a particular focus on dispersion. Some studies in phantoms and mouse livers support the hypothesis that,
starting with a normal liver, increasing accumulations of micro- and macrosteatosis will increase the lossy viscoelastic
properties of shear waves in a medium. This results in an increased dispersion (or slope) of shear wave speed and
attenuation in the steatotic livers. Theoretical and empirical findings across a number of studies are summarized.
(E-mail: kevin.parker@rochester.edu) Ó 2015 World Federation for Ultrasound in Medicine & Biology.
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there is need for a non-invasive and readily available
method to quantify hepatic fat, which is a biomarker for
hepatic disease and the metabolic syndrome. Most recent
elastographic research and clinical studies have focused
on liver fibrosis staging, which can be performed with
several U.S. Food and Drug Administration-approved
MRI and ultrasound imaging systems. In addition, transient elastography, which has no imaging component, is
performed with the FibroScan instrument (Echosens,
Paris, France) (Sandrin et al. 2003). Numerous studies
have reported promising results for characterization of
later-stage fibrosis (Bavu et al. 2011; Boursier et al.
2010; Huwart et al. 2008; Muller et al. 2009; Palmeri
et al. 2008; Yin et al. 2007). The effect of steatosis on
high-grade fibrosis measurement is not yet clear
(Ferraioli et al. 2012). Compared with a larger body of
studies of shear wave speed and fibrosis, relatively few
studies have examined frequency-dependent shear wave
properties, related to dispersion or viscoelastic models
(Asbach et al. 2008; Bavu et al. 2011; Deffieux et al.
2015; Friedrich-Rust et al. 2009; Huwart et al. 2007;
Klatt et al. 2007; Nightingale et al. 2013; Salameh et al.
2007; Wang et al. 2009). Nonetheless, there are some
preliminary observations that can be made about
dispersion measurements from lean and steatotic livers.
Some theoretical considerations and then experimental

INTRODUCTION
The accumulation of fat in the liver has important clinical
consequences and is growing in prevalence. For example,
non-alcoholic fatty liver disease (NAFLD) is an emerging
national health problem, with an estimated prevalence of
23%–33.6% (Angulo 2002; Lam and Younossi 2010;
Schreuder et al. 2008; Wanless and Lentz 1990).
NAFLD is actually a higher risk factor for
cardiovascular mortality and malignancy than for liverrelated mortality (Ong et al. 2008). The risk factors for
NAFLD (obesity and insulin resistance/type 2 diabetes)
are increasing dramatically, and the incidences of
NAFLD and NASH (non-alcoholic steatohepatitis) are
rising proportionately. A significant fraction of people
with NASH—between 20% and 40%—will develop progressive liver fibrosis (Dyson et al. 2014), leading to
cirrhosis and increased risk of hepatocellular carcinoma.
Currently the only methods for quantitative measurement of steatosis are liver biopsy, which is invasive with
concomitant patient risk, and magnetic resonance imaging
(MRI), which is expensive and not widely available. Thus,

Address correspondence to: Kevin J. Parker, University of Rochester, Hopeman Building 203, PO Box 270126, Rochester, NY
14627-0126, USA. E-mail: kevin.parker@rochester.edu
1481

1482

Ultrasound in Medicine and Biology

results from the literature and across a number of different
species and measurement techniques are presented in the
next two sections.
THEORY
Theoretical basis
In an isotropic elastic medium, it can be shown that a
rotational
pﬃﬃﬃﬃﬃﬃﬃﬃor shear wave can propagate with a speed
cs 5 m=r, where m is the shear modulus, and r is the
density (Graff 1975). This equation is widely used in
the field of elastography to connect an observed wave
speed with the presumed tissue shear modulus and the
related Young’s modulus, assuming a nearly incompressible tissue with a density close to unity.
If the medium is not purely elastic, but also incorporates loss mechanisms, then an attenuation coefficient
will be observed that increases with frequency, and the
shear wave speed will also tend to increase with frequency. These increases with frequency are called attenuation dispersion and wave speed dispersion,
respectively. The standard framework for this
(Blackstock 2000; Carstensen and Parker 2014) begins
with the plane wave solution for displacement, x,
(1)
xðx; tÞ 5 x0 ejðut2kxÞ
pﬃﬃﬃﬃﬃﬃﬃﬃ
where the wave number k 5 u= m=r 5 u=cs ; and u is
frequency. The amplitude of the displacement x0 is
directly proportional to the applied surface stress. But if
the wavenumber k is complex, then we can explicitly
write the phase velocity and attenuation in terms of a
complex shear modulus, m 5 m1 1 jm2:
u
k 5 b2ja 5 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

(2)

!
!
x ðx; tÞ 5 x e2ax1jðut2bxÞ

(3)

m1 1jm2
r

Then,

Various models exist for the complex shear
modulus; for example, in the simple Kelvin–Voigt model
of a parallel spring and dashpot with viscosity h, the
imaginary component m2 increases with frequency:
m 5 m1 1juh

(4)

Whereas for a linear hysteresis model, m2 is a constant H with respect to frequency:
m 5 m1 1jH

(5)

Other models that may be relevant to soft tissues
such as the liver are found elsewhere (Carstensen and
Parker 2014; Klatt et al. 2007; Liu and Bilston 2000;
Parker 2014; Zhang et al. 2007).
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These various models, with the exception of linear
hysteresis, predict that the complex modulus, and therefore the phase velocity, will increase with frequency, indicating a dispersive medium. Note that in a dispersive
medium, the group velocity, which defines the speed of
the envelope of a broadband signal, is different from
the phase velocity (Fitzpatrick 2013).
Equation (2) illustrates a simple empirical fact: As
the complex shear modulus m2 approaches zero, the imaginary part, and therefore the attenuation coefficient, approaches zero, and the wave speed becomes a constant
pﬃﬃﬃﬃﬃﬃﬃﬃ
(and independent of frequency) given by
m=r.
Conversely, as the complex shear modulus increases
from zero, the attenuation and wave number and phase
velocity of the shear wave can increase with frequency;
however, the exact form of the increase, which is the
observed dispersion, depends on the nature of the loss
element or the particular model used. Normal lean liver
has a measurable shear wave attenuation and dispersion
(data are provided in the next section), and the impact
of early-stage steatosis is hypothesized to increase dispersion by the addition of a viscous material to the medium,
in effect increasing m2 and therefore dispersion by eqns
(2) and (3). However, finding the most appropriate
physical model for this remains as an important
research question. There is the additional possibility of
attenuation losses caused by scattering from the fatfilled vacuoles in steatosis. Shear wave scattering theory
is covered in Einspruch et al. (1960) and White (1958)
and is complicated by mode conversion mechanisms.
However, it remains to be seen how large a factor this
may be in the common shear wave band of 40–1,000
Hz. Finally, it must be noted that the progression of
lean liver to early-stage steatosis is marked by the accumulation of fat as macro- and microvesicles of triglycerides. This may be the simplest set of changes to model, as
compared with cases with high-grade fibrosis, plus steatosis, plus other possible complications. It may be that
an adequate model of dispersion from early-stage steatosis will not be adequate for a discussion of high-grade
fibrotic or cirrhotic livers with steatosis.
Empirical basis
A number of different techniques and studies have
been used to study steatosis in liver. In Figure 1 we
attempt to plot on a common parameter space the results
of a number of studies (Asbach et al. 2008; Barry et al.
2012, 2014a, 2014b; Bavu et al. 2011; Chen et al. 2009,
2013; Deffieux et al. 2009; Hah et al. 2012; Klatt et al.
2007; Muller et al. 2009; Orescanin and Insana 2010;
Xie et al. 2010). All animal studies were performed in
accordance with protocols approved by institutional
committees on animal resources, and all human studies
were performed in accordance with protocols approved
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Fig. 1. Collected dispersion studies on lean or steatotic livers. The y-axis represents the dispersion in m/s per 100 Hz. The
x-axis represents the shear speed at or near 200-Hz frequency (unless otherwise specified). The solid symbols represent
lean-versus-steatotic comparison studies at the University of Rochester. For these four studies of lean versus steatotic
livers, the dotted lines link the normal and steatotic liver groups for each study, and the arrows indicate the direction
of increasing steatosis. Solid squares from Barry et al. (2014a) represent lean, medium-steatosis and high-steatosis
groups. Open squares a–e are additional data from our lab derived from crawling wave measurements. Open squares
b–e were reported in Barry et al. (2012). Open circles f–l represent data from other laboratories. A more detailed listing
of experimental techniques, conditions of the livers and references is given in Table 1.

by institutional review boards. These studies were
selected because they reported shear speed versus
frequency data near 200 Hz, chosen as a common
reference for which data are available from different
reports. The vertical axis is the estimation of dispersion,
or slope of the shear wave speed. The horizontal axis of
Figure 1 is the reference shear wave speed found at or
near 200 Hz. For studies in the literature in which the
data were given graphically, we made a graphic estimate
or extrapolation of these parameters. Other studies that
directly fit their results to viscoelastic models are relevant, but do not appear in Figure 1 unless the raw dispersion data are published as well and are near 200 Hz
(Asbach et al. 2008; Bavu et al. 2011; Friedrich-Rust
et al. 2009; Klatt et al. 2007; Salameh et al. 2007, 2009).
Table 1 gives the conditions of the different studies,
where known. The details of each experimental technique
can be found in the individual references.
Generally, there is evidence across studies that lean
livers (and presumed lean livers) have dispersions in the
range of 0 to 0.4 m/s per 100 Hz, whereas steatotic livers
have dispersions in the range of 0.2 to 0.5 m/s per 100 Hz.
However, there is a wide range of estimated shear wave
speed at the reference frequency near 200 Hz across the
different measurements. Additional estimates from
lower-frequency magnetic resonance elastography
(MRE) experiments from the laboratory of Dr. I Sack
are listed in Table 2. These show higher dispersion values,
near 40 Hz, which may be consistent with some common
viscoelastic models (Klatt et al. 2007). Some possible
reasons for the range of values within Figure 1 are discussed in the next section.

DISCUSSION
The collected data cover a wide range of speed and
dispersion (slope) values for lean livers. There are a number of experimental factors that would contribute to a
wide range of estimated values, including technique differences, species differences, temperature differences
and differences in the condition of the livers when the experiments were conducted. Many of these factors can be
identified by reviewing Table 1. For example, experimental techniques range from sinusoidal steady-state
shear waves to localized pulses from radiation force excitation. Species differences may play a role even in lean
livers, as the lowest dispersion values across all studies
come from leptin-deficient strains of young mice and
rats examined by Barry et al. (2012, 2014a, 2014b).
The condition of the livers at the time of measurement
ranges from in vivo to ex vivo, in which case the effects
of arterial pressure and body versus room temperature
could result in variations. Furthermore, any long delays
in the preparation and measurement of ex vivo samples
could alter shear wave measurements as the liver will
decompose over time. This could be a factor in the New
Zealand White (NZW) rabbit livers which were
refrigerated and stored for 1 day before measurements.
They exhibit a relatively low dispersion given their
average triglyceride level of 0.035 mg TG/mg liver.
The effects of temperature deserve additional focus,
as so many laboratory studies on phantoms and tissues are
conducted on ex vivo samples and over a potentially wide
range of ‘‘ambient’’ temperatures. The theory of time–
temperature superposition applies to the viscoelastic
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Table 1. Parameters of liver dispersion studies
Reference/
study

Sample
type

Method

Frequency
range (Hz)

Dispersion
(m/s/100 Hz)

Fat parameter

Barry et al.
2012

14 mice
ex vivo

CrW

[100, 400]

Lean: 0.16 6 0.03
Fatty: 0.23 6 0.04

Diet type
n 5 7: regular diet
n 5 7: high-fat diet

Hah et al.
2012

70 mice
ex vivo

CrW

[200, 350]

Group 1: 0
Group 2: 0.46

Barry et al.
2014a

70 mice
ex vivo

CrW

[200, 360]

Barry et al.
2014b

10 rats
ex vivo

CrW

UR Study 5

5 NZW rabbits
(obese)
ex vivo

Barry et al.
2012

Temp ( C)

Imaging system;
transducer

23

LOGIQ 9 (GE);
M12L (GE)

Visual fat
n 5 51: fat (0, 50%)
n 5 14: fat (50, 90%)

18.5

LOGIQ 9 (GE);
M12L (GE)

Group 1: 0.11
Group 2: 0.23
Group 3: 0.38

TG per liver (mg/mg)
n 5 32: (0, 0.1)
n 5 21: (0.1, 0.25)
n 5 17: (0.25, 0.36)

17–19

Sonix Tablet
(Ultrasonix);
L40-8/12
Linear
(Ultrasonix)

[60, 260]

Group 1: 0
Group 2: 0.36

TG per liver (mg/mg)
n 5 5: lean, avg: 0.0041
n 5 5: fatty, avg: 0.0243

18.5

LOGIQ E9 (GE);
L8-18i-D (GE)

CrW

[110, 300]

0.06

TG per liver (mg/mg)
avg: 0.0349

18.5

LOGIQ 9 (GE);
M12L (GE)

Four human
samples
ex vivo

CrW

[80, 180]

0.23; 0.28;
0.35; 0.55

Visual fat (%)
Normal; 10%;
10% 1 fibrosis;
10% 1 cirrhosis

23

LOGIQ 9 (GE);
M12L (GE)

Chen et al. 2009
(Greenleaf)

Swine in vivo

SDUV

[100, 400]

0.40

NA

Body temp

Experimental

Deffieux et al.
2009 (Fink)

Three healthy
human
volunteers
in vivo

SSI

[40, 450]

Average: 0.36

NA

Body temp

Research
prototype
(Supersonic
Imagine); L7-4
(ATL Philips)

Muller et al.
2009 (Fink)

10 healthy
human
volunteers
in vivo

SSI

[60, 390]

0.36 6 0.08

NA

Body temp

Experimental

Orescanin and
Insana 2010

Three fresh
swine
in vitro

Harmonic
vibrations
and
Doppler
scanning

[50, 300]

Average: 0.30

NA

23

SonixRP
(Ultrasonix);
BW 14/60
(Ultrasonix)

Xie et al. 2010
(Greenleaf
and Philips)

Healthy farm
swine
in vivo

SDUV

[100, 400]

0.22

NA

Body temp

iU22 (Philips);
C5-1 (Philips)

Bavu et al. 2011
(Fink)

Human in vivo
(fibrosis
stage F1);
patient 111

SSI

[30, 435]

0.12

NA

Body temp

Supersonic
Imagine; C4-2
(ATL)

Chen et al. 2013

Six rats
in vitro
(fibrosis
stage F0)

SDUV

[100, 400]

Average: 0.26

NA

NA

SonixRP
(Ultrasonix);
L14-5 W
(Ultrasonix)

CrW 5 crawling wave; SDUV 5 shear wave dispersion ultrasound vibrometry; SSI 5 supersonic shear imaging; TG 5 triglycerides; UR 5 University of Rochester.

behavior of polymers and biomaterials and has been used
to explain the strong dependence of elasticity and shear
wave speed on temperature (Chan 2001; Doyley et al.
2010). As an illustration of the major impact of
‘‘ambient’’ temperature on shear wave speed, Figure 2

provides measurements of shear wave speed versus frequency for a fresh bovine liver sample embedded in
gelatin. These values were obtained with the ‘‘crawling
wave’’ measurement approach used by Barry and coworkers (Barry et al. 2012, 2014a; Wu et al. 2004).
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Table 2. Parameters of studies at lower shear wave frequencies
Reference/study

Sample type

Method

Frequency
range (Hz)

Dispersion
(m/s/100 Hz)

Fat parameter

Temp ( C)

Klatt et al. 2007
(Sack)
Asbach et al.
2008 (Sack)

Healthy human
liver in vivo
Healthy human
liver in vivo

MRE

[25, 62.5]

0.752

NA

Body temp

MRE

[25, 62.5]

0.576

NA

Body temp

Imaging system;
transducer
1.5-T scanner (Magnetom
Sonata; Siemens)
1.5 -T scanner (Magnetom
Sonata; Siemens)

MRE 5 magnetic resonance elastography.

After the gelatin/liver sample was cooled to 4 C in a
refrigerator, the crawling wave movies were obtained at
discrete frequency at progressively increasing
temperatures over the course of a few hours.
Temperatures were monitored with a thermocouple
placed near the center of the gelatin/liver specimen, but
outside of the imaging plane. A roughly 3-cm lateral region of interest was used, and data points represent a single estimate on the imaged region of interest at a
particular frequency. Consistent with earlier reports
(Kruse et al. 2000; Sapin-de Brosses et al. 2010), the
general trend is that colder samples are more ‘‘stiff’’
and have a higher shear wave speed than warmer
temperatures, and even a few degrees Celsius difference
will create a distinctly different set of shear wave speed
estimates. The slope or dispersion in Figure 2 remains
similar over this temperature range, which is consistent
with time–temperature superposition (Chan 2001;
Doyley et al. 2010) theory applied to a material with an
extended range of relaxation functions (Zhang et al.
2007).

Fig. 2. Shear wave speed estimates in a bovine liver sample
versus frequency, obtained at progressively warmer temperatures starting at 7 C. Solid and dashed lines are linear fits to
dispersion data at specific temperatures. The trend is that colder
samples are significantly more ‘‘stiff’’ with higher shear wave
speed. The general behavior, including dispersion values, is
thought to be predicted under the theory of time–temperature
superposition, which applies broadly to polymer phantom materials, biomaterials and viscoelastic materials.

It should be noted that the rate of change of shear
wave speed versus temperature is not strictly linear, as
illustrated in Figure 3. However, as a general guideline,
we have found that bovine liver and gelatin phantom results fall within a common range. To normalize the shear
wave speed, we divide by the samples’ speed at a reference temperature and frequency, such as 15 C at 150
Hz for convenience. Then the normalized change in shear
wave speed per degree Celsius, (Dcs/cref)/DT, is found to
be in the range 0.025–0.040. In other words, for lean liver
tissue or gelatin phantoms, one would expect an approximately 3% change in shear wave speed per degree
Celsius as ‘‘ambient’’ temperature varies. This dependence on temperature may be higher in muscle tissue
(Kruse et al. 2000; Sapin-de Brosses et al. 2010).
Finally, in assessing the spread of data in Figure 1,
the two parameters of dispersion, (slope) and shear
wave speed, have no obvious link across all the measurements. This can also be understood theoretically by
assuming m1 and m2 are relatively independent in eqns

Fig. 3. Shear wave speed in two ex vivo beef livers, two gelatin
(9.3%) plus castor oil (20%) phantoms and a pure gelatin
(9.3%) phantom. For each temperature in a given sample, the
shear speed is taken at the midband frequency of 172 Hz. The
solid lines represent a second-order polynomial fit where speed
c (m/s) is a function of temperature T ( C). Liver A corresponds
to the dispersion data illustrated in Figure 2. The second-order
polynomial fit for liver A is c(T) 5 2.05 1 0.0012T20.0019T2.
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(2) and (3) for lean and steatotic livers. The independence
of the two parameters is an important consideration
because it provides the plausibility of dispersion as an
independent parameter that could add to the diagnosis
of liver steatosis. However, other factors in addition to
simple steatosis may affect the measured dispersion. In
Figure 1 the highest dispersion values include the steatotic livers from Barry et al. (2012, 2014a), but the next
group in descending order includes in vivo studies of
presumed normal human livers (Deffieux et al. 2009;
Muller et al. 2009) and in vivo pig livers (Chen et al.
2009).
In studies on humans with varying stages of liver
fibrosis, the effects of steatosis have been found to have
no clear influence on shear wave speeds in some studies
(Bota et al. 2011; Fierbinteanu-Braticevici et al. 2009;
Friedrich-Rust et al. 2009; Lupsor et al. 2009; Rifai
et al. 2011; Yoneda et al. 2008); however, a few
studies reported decreases with increasing steatosis
(Fierbinteanu-Braticevici et al. 2013; Yoneda et al.
2010). Furthermore, some specific studies of dispersion
slope or viscous models applied to human livers with
varying degrees of fibrosis and steatosis have not found
a correlation with clinical steatosis grade (Deffieux
et al. 2015; Nightingale et al. 2013).
It remains to be seen if other biological effects or the
effects of the abdominal wall, present for in vivo measurements, or other factors in fibrotic and diseased livers can
influence the estimates of dispersion using various
techniques.
CONCLUSIONS
A plausible range of dispersion in lean and steatotic
livers is established by reviewing existing data around
shear wave frequencies of 200 Hz. The important clinical
question remains: How much of an increase in dispersion
can be expected from the transition from lean to earlystage steatosis in humans? Further studies on animal
models and human populations using standardized protocols are required to refine our understanding.
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