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MR elastography (MRE) allows the noninvasive assessment of
the viscoelastic properties of human organs based on the organ
response to oscillatory shear stress. Shear waves of a given
frequency are mechanically introduced and the propagation is
imaged by applying motion-sensitive gradients. An experiment
was set up that introduces multifrequency shear waves com-
bined with broadband motion sensitization to extend the dy-
namic range of MRE from one given frequency to, in this study,
four different frequencies. With this approach, multiple wave
images corresponding to the four driving frequencies are simul-
taneously acquired and can be evaluated with regard to the
dispersion of the complex modulus over the respective fre-
quency. A viscoelastic model based on two shear moduli and
one viscosity parameter was used to reproduce the experimen-
tal wave speed and wave damping dispersion. The technique
was applied in eight healthy volunteers and eight patients with
biopsy-proven high-grade liver fibrosis (grade 3–4). Fibrotic
liver had a significantly higher (P < 0.01) viscosity (14.4 � 6.6
Pa � s) and elastic moduli (2.91 � 0.84 kPa; 4.83 � 1.77 kPa) than
the viscosity (7.3 � 2.3 Pa � s) and elastic moduli (1.16 � 0.28
kPa; 1.97 � 0.30 kPa) of normal volunteers. Multifrequency MRE
is well suited for the noninvasive differentiation of normal and
fibrotic liver as it allows the measurement of rheologic material
properties. Magn Reson Med 60:373–379, 2008. © 2008 Wiley-
Liss, Inc.
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Diffuse liver disease can be diagnosed by morphologic
criteria such as size, contour, and shape of the liver. How-
ever, these findings occur late in the course of the disease,
usually at a point when it has reached an irreversible stage
(1–3). During a patient’s clinical workup, an alteration of
the size and stiffness of the liver can be subjectively de-
tected by manual palpation.

Based on ultrasound or MR imaging a more objective
approach can be selected to characterize the mechanical
properties of tissues by means of elastography (4–7). In
MRI, motion encoding enables the visualization of tissue-
constitutive parameters by imaging harmonic shear waves

propagating in organs (6). In transient ultrasound elastog-
raphy, the velocity of a shock-wave impulse through liver
tissue is measured for grading the stage of fibrosis (8,9).
MR elastography (MRE) has recently been shown to enable
the detection of liver fibrosis by using a monofrequency
approach by which shear waves of one specific frequency
are introduced into the liver and elastic and viscous mod-
uli can be calculated from the respective wave images
(10–13).

As demonstrated by several researchers (14–17), the
wave propagation speed and the damping of shear waves
in soft tissue increases with increasing harmonic driving
frequency due to the dispersion of elastic waves in viscous
media. Here, the dispersion of shear waves is exploited for
the viscoelastic characterization of normal and fibrotic
liver. Therefore, superposed tissue oscillations at multiple
harmonic driving frequencies are acquired in a single MRE
scan using broad-band frequency encoding (15,18–20). In
the following the technical details of multifrequency MRE
on human liver are introduced and appropriate data eval-
uation is developed. The protocol is applied in healthy
volunteers and patients based on the hypothesis that nor-
mal and fibrotic liver tissue can be differentiated with
high specificity and sensitivity by their elastodynamic be-
havior.

THEORY

In multifrequency MRE the broadband motion-encoding
characteristics of a sinusoidal gradient is essential for the
accumulation of a spin phase � caused by harmonic vibra-
tions at different frequencies. The efficiency ε of encoding
a specific frequency component f by a sinusoidal motion
encoding gradient (MEG) is the ratio between the mea-
sured phase amplitude � in the images and the physi-
cal displacement amplitude u in units of radians per
micrometer (�m):

ε �
�g�sin��N�f �

��1 � �2f 2�
. [1]

where g, � and N denote amplitude, duration, and number
of sinusoidal MEG periods, respectively; � is the gyromag-
netic ratio. Equation [1] is deduced from Ref. 20 with the
extension of arbitrary N. By limiting the attention to two-
dimensional (2D) wave images acquired with through-
plane motion sensitization, u is henceforth given as a
scalar wave field u(x,y,t). A plane wave approach yields for
u(x,y,t) in the Fourier domain

U�x,y,�� � U0exp�i��n � r
c � � 	n � r�, [2]
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with the wave normal vector n(x,y), the position vector
r(x,y), and the initial deflection at the source of the waves
U0. Variables c, 	, and � denote wave speed, wave damp-
ing, and the angular driving frequency, respectively. Equa-
tion [2] solves the equation of motion of an isotropic ma-
terial subjected to oscillatory shear stress:


�2U � G����U � 0; � � � �2

�x2 �
�2

�y2� . [3]

G(�) and 
 represent the complex shear modulus and the
density of the material. Solving Eq. [3] for G yields:

G��� � 


�2U
�U

. [4]

In the plane wave model, wave speed and damping are
related to the complex modulus by:

c��� �
1

ℜ� � 


G����
and 	��� � �ℑ�� 


G���� , [5]

with ℜ and ℑ as symbols for the real and the imaginary
part of a complex number, respectively. In the theory of
viscoelasticity, the rheological properties of the material
are modeled by a complex modulus GM(�) derived from a
specific combination of parallel and serial spring and
dashpot elements. Here, the model for a standard linear
solid (SLS) is used, which incorporates three viscoelastic
modeling parameters:

GM��� �
�1�2 � i����1 � �2�

�2 � i��
, [6]

where � and �2 refer to the viscosity and elasticity of a
Maxwell body, i.e., serial dashpot and spring elements,
respectively. Variable �1 is related to the elasticity of a
spring element that is parallel to the Maxwell elements.
Inserting the model GM(�) into Eq. [5] predicts the increase
of wave speed and wave damping with increasing driving
frequency. Within the limit of static deformation (� � 0), c
is given by ��1/
 and 	 equals 0, while at high frequencies
c and 	 approach ���1 � �2�/
 and �2

2/2��
/��1 � �2�
3,

respectively. For further reading on viscoelasticity, see
Ref. 21.

MATERIALS AND METHODS

Volunteers and Patients

A total of eight healthy volunteers and eight patients with
biopsy-proven liver fibrosis (grade 3–4) were examined
using multifrequency MRE. Each subject was examined at
least twice at different slice positions within one MRE
study setup. An indication about reproducibility was
gained by follow-up studies separated by days and per-
formed by different operators. The numbers of MRE acqui-
sitions and follow-up studies as well as the demographic
data of each subject are given in Table 1. Institutional Ta
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review board approval was obtained, and informed con-
sent was obtained from all subjects.

MRI

All scans were performed on a 1.5-T MR scanner (Magne-
tom Sonata; Siemens Medical Solutions, Erlangen, Ger-
many) using a 12-channel phased-array surface coil with
six elements anterior and six elements posterior to the
torso. A single-shot spin-echo echo-planar imaging (EPI)
sequence with sinusoidal MEG (g � 20 mT/m, � � 20 ms,
and N � 1) in the direction of slice selection was used to
acquire axial phase contrast wave images with the follow-
ing parameters: TR � 500 ms, TE � 64 ms, slice thick-
ness � 10 mm, field of view � 300 mm, matrix size � 64 �
128, acquisition time � 40 s, divided into two breathholds.
A transistor-transistor logic (TTL)-triggered pulse was
given from the sequence to the wave generator 400 ms
ahead of the end of the MEG (Fig. 1). This delay was
increased 40 times by an increment of 2 ms to achieve a
frequency resolution of 12.5-Hz multiples. A reference

data set of monochromatic excitation was acquired in vol-
unteer 5 using eight phase offsets at each frequency. To
calculate phase-difference wave images, two phase images
with inverse MEG amplitude were acquired at each time
point.

Wave Generation

Patients and volunteers were examined in a supine posi-
tion. Shear waves were introduced into the liver via a
transducer positioned below the right costal arch. Oscilla-
tions were driven by a remote vibration generator (Fig. 2)
with main deflection along the anterior-posterior direc-
tion. Four sinusoidal waveforms with frequencies of 25.0,
37.5, 50.0, and 62.5 Hz were superposed with linearly
increasing amplitude to minimize transient effects (Fig. 1).
The relative amplitude of each waveform was doubled
with each 12.5-Hz increment. Equation [1] was used prior
to the experiments to simulate the encoding efficiency at
the four driving frequencies used. A single-cycle MEG of
20-ms lengths was found as a tradeoff between encoding
efficiency and TE. The efficiency of such MEG for encod-
ing the vibration components is ε � 4.5, 5.5, 5.3, and 4.3 �
104 rad/m from 25.0 to 62.5 Hz, respectively.

Postprocessing

Time-resolved phase difference wave images were tempo-
rally Fourier transformed. The complex wave images
U(x,y,�) were taken at 25.0, 37.5, 50.0, and 62.5 Hz and
filtered to remove compression wave components and
noise by a spatial two-dimensional (2D) Butterworth
filter with empirically-derived thresholds given by a �
exp(–bf ) � c, with a � 0.017(1.137) m, b � 0.054(0.058)
sec, and c � 0.01(0.051) m for the lower (upper) cutoff
wavelengths. G(�) was then calculated according to Eq.
[4], assuming a density of 1050 kg/m3 and averaging the

FIG. 1. Timing of MRE sequence and vibration generator output.
The MEG shown is parallel to the slice gradient direction for cap-
turing through-plane motions.

FIG. 2. Vibration generator setup
for inducing shear waves into the
human liver.
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spatially-resolved modulus within a wave-energy-depen-
dent region of interest (ROI) of the liver (12). The ROI was
placed within the right hepatic lobe, covering the maxi-
mum possible cross-section of the right lobe, avoiding
large vessels and areas with pulsation artifacts from vas-
cular structures. G(�) was used in Eq. [5] to derive c(�) and
	(�). Numerical dispersion curves were fitted to the exper-
imental c(�) and 	(�) data by a least-square minimization
using GM(�) of Eq. [6]. The resulting viscoelastic constants
were taken as components of a vector (R) in the parameter
domain given by �1 � �1/1 kPa, �2 � (�1 � �2)/1 kPa, and
�3 � �/1 Pa � s. To obtain the best separation between data
of healthy and diseased liver, an ellipsoid, (�1�1)2 �
(�2�2)2 � (�3�3)2 � r2, was fitted into the parameter space by
varying the � coefficients. The success of separation was
measured by means of the area under the receiver operat-
ing characteristic (ROC) curve (AUROC) of �r, which is the
Euclidean distance between R and the point where the ray
along R crosses the ellipsoidal threshold surface.

RESULTS

Fibrotic liver revealed significantly higher (P � 0.01) vis-
cosity � (14.4 � 6.6 Pa � s) and elastic moduli (�1 � 2.91 �
0.84 kPa; �2 � 4.83 � 1.77 kPa) than the viscosity � (7.3 �
2.3 Pa � s) and elastic moduli (�1 � 1.16 � 0.28 kPa; �2 �
1.97 � 0.30 kPa) of normal volunteers.

Figure 3 shows multifrequency MRE images of the nor-
mal liver of one volunteer decomposed into the four oscil-
lation components. The scaling factor of the color bar
reveals the decrease of the wave amplitude with increasing
frequency. The phase-to-noise ratio of the wave images is
determined by the efficiency of the MEG in encoding har-
monic motions, which has its maximum at �41 Hz driving
frequency (Eq. [1]). The corresponding wave speed con-
trast images are shown in Fig. 4, indicating that wave
speed increases with higher frequency.

Figure 5 demonstrates the fit of c and 	 dispersion data
measured in volunteer 5 and patient 8 by the rheological
model of Eq. [6]. Similar dispersion curves were obtained
by repeating the wave data acquisition for each frequency
component using monochromatic excitation (data shown
for the volunteer). The different course of the curves in
normal liver and fibrotic liver clarifies that the shear waves
propagate slower and show stronger damping in healthy
liver tissue. The fit curves corresponding to the SLS model
reproduce well the experimentally found dispersion in
both healthy and diseased liver. Viscoelastic parameters
used for simulating the experiments are given in Table 1.
There, the mean of the parameters and their standard
deviations (SDs) from multiple studies of the same volun-
teer are listed. The results of all individual experiments
are plotted in Fig. 6. A 3D viscoelastic parameter space is
obtained due to the multidimensionality of the rheologic
model used. The plotted ellipsoid corresponds to the co-
efficients �1 � 5, �2 � 7, and �3 � 17. These values yield a
separation given by the sign of �r in Table 1, i.e., the data
were within (�r � 0) or outside (�r � 0) of the threshold
surface. The high AUROC of 0.994 is due to the excellent
separation with only one false-negative assignment (pa-
tient 3). The range of possible threshold values for �1,
�1��2, and � yielding the same AUROC are given in Fig. 7.

DISCUSSION

Multifrequency MRE allows the characterization of liver
cirrhosis on an elastodynamic basis in a single time-re-
solved experiment. Our basic finding is that both healthy
and diseased liver display a frequency-dependent elasto-
dynamic behavior. This observation agrees with numerous
studies on excised tissue specimens using oscillatory
shear tests (14,22–24). Therefore, any specific viscoelastic
parameter deduced by shear wave–based elastography has
to be given in the context of the underlying viscoelastic
model with notation of the explored frequency range. The
method introduced is able to map the dispersion of the
complex modulus at four frequencies, resulting in eight
independent equations to be solved for three viscoelastic
parameters. In a pretest with normal volunteers, each fre-
quency component was determined separately using a
monochromatic excitation and the data were compared to
the superimposed multifrequency excitation. Similar dis-
persion curves in both experiments revealed that decom-
posing of each of the four oscillating frequency compo-
nents in the multifrequency excitation is equal to a mono-
chromatic excitation (see Fig. 5).

It is important to note that our current protocol is not
time-optimized as only two phase offsets have to be ac-
quired to resolve a single frequency component of a har-
monic oscillation. Typically, four phase offsets are used in
MRE of the liver (25). An optimized sampling of the four
vibration components used could comprise 10 offsets with
an increment of 8 ms, resulting in a four-fold acceleration
of the data acquisition. However, using fast single-shot
EPI-MRE, measurement time was not highly crucial in our
experiments and the protocol was adjusted to match two
breathholds. Within this limit a maximum of data was
acquired to improve the SNR of the wave images. In any
case, it is preferable to synchronously encode multifre-
quency vibrations instead of applying consecutive mono-
frequency MRE experiments with a variable driving fre-
quency. The data shown demonstrate the high consistency
and reproducibility of multifrequency MRE, which is hard
to achieve by monochromatic wave excitation at different
frequencies.

The evaluation of multifrequency data benefits from the
stability of a least square fit of an overdetermined system
of equations. This improves the accuracy of the results
compared to a monofrequency assignment of � ' ℜ(G)
and � ' ℑ(G)/� as done by the Voigt model. The three-
parameter SLS model used here was chosen after compar-
ing the outcome of several two-, three-, and four-parameter
models, such as the Voigt, Maxwell, and Jeffreys model (a
detailed study is given in Ref. 15). In this context, the
rheological foundations of these model functions were
given minor attention, since in clinical use the fit of elas-
todynamic data mainly focuses on grading liver fibrosis.

The wave speed dispersion and the wave damping dis-
persion significantly differed between normal volunteers
and patients with liver fibrosis, which allowed a clear
separation of the two groups. The different course of the
two curves obviates that the shear waves propagate slower
and show stronger damping in normal liver than in fibrotic
liver. Moreover, the differences increase with higher fre-
quencies. These findings are similar to those reported in
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previous studies, since the elasticity and viscosity of high-
grade liver fibrosis were in the same range, indicating that
mono- and multifrequency experiments are comparable in
this respect (10,11). Previous studies in animals and in
humans have shown that it is possible to differentiate
normal from fibrotic liver by MRE (10,11,13). However,
larger patient populations with different stages of fibrosis
are necessary to investigate the potential of MRE as a clear
alternative to liver biopsy. The possibility of obtaining
information such as wave speed dispersion and wave
damping may further increase the accuracy of MRE to
detect pathologic changes of organ texture. MRE may be
particularly suited for following patients with known liver
disease to avoid repeated biopsies. One patient examined
at our institution (patient 3 in Table 1) had a diagnosis of
grade III liver fibrosis established by biopsy 18 months

prior to MRI. Since then, the patient had improved clini-
cally and was free of symptoms at the time of the MRE
study. Both the liver enzymes and the laboratory values for
inflammatory activity had normalized and the coagulation
factors were also within the normal range. The viscoelastic
parameters were almost normal, with �1 � 1.9 � 0.1 kPa,
�1��2 � 4.3 � 0.1 kPa, and � � 5.9 � 0.1 Pa � s. Because
of this constellation, the decision was made to follow the
patient without a repeated liver biopsy. The suggested
threshold surface drawn in Fig. 6 was established to dis-
criminate the subgroup of healthy volunteers (including
patient 3) from the patient group. Also, any other implicit
function in the parameter domain can be used if the
threshold lies within both cohorts. It is therefore difficult
to install fixed thresholds, since their values and tolerance
limits depend on each other. An attempt was made in Fig.
7 to give a hint about the stability of the separation. Here,
the range is graphically indicated; the viscoelastic param-
eters separate the groups of healthy volunteers and pa-
tients. More data are obviously needed to refine this plot.

One limitation of this feasibility study is the small num-
ber of eight patients and the fact that all patients had
high-grade liver fibrosis. Thus the multifrequency MRE
approach was not validated for low grades of liver fibrosis.
The cutting edge of MRE will be the sensitivity to detect
the different stages of liver fibrosis and especially the very
early stages at which therapy can lead to a reversal of
fibrogenesis. First results about grading the different stages
of liver fibrosis have recently been presented and are very
promising (25).

CONCLUSIONS

Accurate noninvasive disease assessment is more wel-
come than any other type of invasive testing in terms of
patient acceptance, clinical work flow, and, ultimately,
cost. This also applies to diagnosing liver fibrosis. Since all
investigated viscoelastic parameters show a significant dif-
ference between normal and cirrhotic liver, multifre-
quency MRE seems to enable a differentiation between

FIG. 3. Wave images, ℜ(U(x,y,f ))
superimposed to T1-weighted MRI
scans as acquired by multifre-
quency MRE. The single image on
the left-hand side shows a snap-
shot of the waves before decom-
position into the vibration compo-
nents shown on the right-hand
side. The automatic ROI selection
dependent on the magnitude wave
amplitude (�U(x,y,f )�) is demarcated
by white lines. Please note that the
color scale has to be multiplied by
different factors.

FIG. 4. Shear wave speed images derived after wave inversion
using Eq. [5]. The white demarcations correspond to the ROIs
shown in Fig. 3.
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FIG. 5. Experimental (symbols) and simulated (line graphs) wave speed and wave damping dispersion relations found in volunteer 5 (�) and
patient 8 (�). Conventional monofrequency MRE studies at four frequencies are shown for the healthy volunteer (●) superimposed to a
corresponding multifrequency study (E). Error bars indicate � SD of independent studies.

FIG. 6. Plot of all study results in the 3D parameter space given by �1 (static modulus), �1��2 (high frequency modulus), and � (viscosity).
Open symbols correspond to healthy subjects; closed symbols indicate cirrhosis (each individual is assigned to one symbol, as in Table
1). 2D graphs display projections of the 3D plot in the lower right corner. The dashed lines show 2D projections of a 3D threshold for
differentiating the subgroups of healthy and diseased livers. The ellipsoidal surface of the threshold enclosing all healthy volunteers and
patient 3 is drawn in the 3D plot.
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normal liver and cirrhotic liver. The greater amount of
information obtained from a multifrequency experiment
allows the application of higher-order rheologic models
for visualizing the dispersion of the respective tissue, as
shown here. A more detailed mechanical characterization
of organs potentially implies a more accurate detection of
the disease process.
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FIG. 7. Range of viscoelastic thresholds (gray patch and given �)
that allows a differentiation of healthy and cirrhotic liver. The cross
corresponds to the values used in Fig. 6.
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