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Abstract
Magnetic Resonance Elastography (MRE) is a rapidly developing technology for quantitatively
assessing the mechanical properties of tissue. The technology can be considered to be an imaging-
based counterpart to palpation, commonly used by physicians to diagnose and characterize
diseases. The success of palpation as a diagnostic method is based on the fact that the mechanical
properties of tissues are often dramatically affected by the presence of disease processes such as
cancer, inflammation, and fibrosis. MRE obtains information about the stiffness of tissue by
assessing the propagation of mechanical waves through the tissue with a special magnetic
resonance imaging (MRI) technique. The technique essentially involves three steps:

1. generating shear waves in the tissue,

2. acquiring MR images depicting the propagation of the induced shear waves and

3. processing the images of the shear waves to generate quantitative maps of tissue stiffness,
called elastograms.

MRE is already being used clinically for the assessment of patients with chronic liver diseases and
is emerging as a safe, reliable and noninvasive alternative to liver biopsy for staging hepatic
fibrosis. MRE is also being investigated for application to pathologies of other organs including
the brain, breast, blood vessels, heart, kidneys, lungs and skeletal muscle. The purpose of this
review article is to introduce this technology to clinical anatomists and to summarize some of the
current clinical applications that are being pursued.
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Introduction
The use of palpation to feel the difference in the mechanical properties of tissues and to
differentiate abnormal and normal tissues remains a time-tested diagnostic tool for
physicians. The mechanical properties of tissues vary widely among different physiological
and pathological states (Duck, 1990; Sarvazyan et al., 1995) and hence have significant
diagnostic potential. For instance, the relative hardness of malignant tumors is the basis for
the use of palpation to detect breast cancer (Barton et al., 1999). Surgeons often detect liver
tumors by simple touch at laparotomy that may not have been detected in preoperative
imaging (Elias et al., 2005). However, except at surgery, palpation is applicable only to
superficial organs and pathologies and is qualitative, subjective and limited to the touch
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sensitivity of the practitioner. Unfortunately, none of the conventional medical imaging
techniques, such as computed tomography (CT), magnetic resonance imaging (MRI) and
ultrasonography (US), are capable of depicting the properties that are assessed by palpation.
These considerations have provided motivation for developing special imaging technologies
for quantitatively assessing the mechanical properties of tissue.

In engineering terms, the property assessed by palpation is called the elastic modulus. As
shown in Figure 1, the elastic modulus of tissues varies by over five orders of magnitude and
the tissue properties assessed by other modalities such as US, CT and MRI vary over a much
smaller scale.

Elasticity Imaging
Investigators have evaluated a number of different approaches for imaging the mechanical
properties of tissue. Most of the elasticity imaging methods apply some kind of stress or
mechanical excitation to the tissue, measure the tissue response to this stimulus, and from
this response calculate parameters that reflect the mechanical properties. Figure 2 shows a
classification of these various approaches based on the three essential steps in elasticity
imaging.

A detailed review of all of the approaches is beyond the scope of this article; however some
of the primary methods are highlighted below so that the reader can appreciate the breadth
of the field. More technical discussions can be found in the literature, such as in (Greenleaf
et al., 2003; Sarvazyan et al., 1995; Wilson et al., 2000).

Excitation Application
The mechanical stress that is applied to tissue can be produced either through internal
sources of motion like respiration or cardiac pulsations (Bae et al., 2007; Kanai, 2004; Mai
and Insana, 2002) or through external mechanical sources of motion (Bercoff et al., 2004;
Kruse et al., 2008; Xu et al., 2007). The stimulus can also be classified based on the
temporal characteristics of the excitation as static (or quasistatic) or dynamic. Manual
palpation can be thought of as a static elasticity assessment technique. Static compressions
are widely employed for elasticity imaging and the techniques that use static forces include
strain-encoding imaging (Osman, 2003), elastography (Ophir, 1991) and stimulated-echo
elasticity imaging (Chenevert et al., 1998; Steele et al., 2000). Dynamic excitation
techniques induce vibrations, usually in the range of 50 to 500 Hz, and image the
propagation of the waves produced by the excitation throughout the tissue. These techniques
include vibration sonoelastography (Lerner et al., 1990; Levinson et al., 1995) and magnetic
resonance elastography (Muthupillai et al., 1995; Sack et al., 2004; Sinkus et al., 2000).

Measurement of Tissue Response to Applied Stress
The most critical component of elasticity imaging is to measure the response or strain of the
tissue that results from the applied stress. Figure 2 lists the main methods used for the tissue
response measurement: (1) optical, (2) mechanical, (3) ultrasonography and (4) magnetic
resonance imaging. One of the early works in elasticity imaging investigated in 1952 used
visible light to measure mechanical wave propagation to determine tissue elasticity and
viscosity (Gierke et al., 1952). Since then, sophisticated optical imaging techniques like
optical coherence tomography (OCT) elastography and tissue Doppler optical coherence
elastography (tDOCE) have been developed. (Rogowska et al., 2004;Ruikang et al.,
2006;van Soest et al., 2007). Mechanical sensors, such as pressure sensors and
accelerometers, have also been used to measure the tissue response to an applied stimulus
since the underlying tissue properties are mechanical in nature (Egorov et al.,
2006;Sarvazyan, 1998).
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Ultrasonography has been widely used for elasticity imaging. Both cross-correlation
methods and Doppler imaging methods have been used to measure the tissue motion
(Krouskop et al., 1987; Lerner et al., 1990; Yamakoshi et al., 1990). The term ‘elastography’
as such was introduced to describe a technique (Ophir, 1991) in which the tissue strain
resulting from external compression is measured with ultrasound, which provides a
qualitative impression of the stiffness of tissue. Another method for elasticity imaging with
ultrasound called transient elastography (TE, (de Ledinghen et al., 2007; Sandrin et al.,
2003)) induces a single transient shear wave into tissue via a special transducer, images the
propagation of this wave using ultrasound and uses this information to calculate the Young’s
modulus of the tissue. Even though ultrasound-based techniques are fast, inexpensive, and
widely used, they also have limitations including the need for a suitable acoustic window for
the ultrasound measurements and a limited depth for the measurements due to the limited
penetration of ultrasound waves in tissue.

One of the early implementations of MRI to measure tissue motion was for the assessment
of cardiac function and pathologies using MR tagging techniques (Axel and Dougherty,
1989; Zerhouni et al., 1988). Other MR-based imaging techniques based on the synchronous
use of quasistatic compressions and motion-encoding gradients (Chenevert et al., 1998;
Plewes et al., 1995) have also been developed. Muthupillai et al. developed a technique
called magnetic resonance elastography (MRE) which involves inducing harmonic
vibrations of acoustic-range frequencies in tissue and imaging the propagation of these
vibrations in the tissue to calculate quantitative values for tissue mechanical parameters
(Muthupillai et al., 1995; Muthupillai et al., 1996).

Mechanical Parameter Estimation
The third step in quantitative elasticity imaging is to process the acquired data to estimate
the mechanical properties of the tissue. Typically, tissue is assumed to be linearly elastic,
isotropic and Hookean for elasticity imaging techniques. The elastic properties that
correspond to what is assessed by palpation are expressed as Young’s modulus (E), or shear
modulus (μ). For most soft tissues, the Young’s modulus and the shear modulus are related
by a simple scale factor of 3: E = 3μ, which means that the calculation of Young’s modulus
or shear modulus provides the same information.

While obtaining quantitative values of the elastic properties of tissue may be preferable,
obtaining a qualitative contrast between normal and abnormal tissues can be helpful in many
applications. Most of the techniques that apply quasistatic excitations calculate tissue
displacement or strain as qualitative indicators of the underlying mechanical properties (Mai
and Insana, 2002; O'Donnell et al., 1994; Osman, 2003). To calculate quantitative values of
the shear modulus, for example, accurate determination of the accompanying tissue stresses
is necessary, which is difficult due to complicated boundary conditions and unknown
applied forces. On the other hand, with dynamic wave propagation techniques, quantitative
shear modulus values can be calculated from the propagation of the shear waves using
appropriate wave equations (Muthupillai et al., 1995; Sandrin et al., 2003).

Magnetic Resonance Elastography
Magnetic resonance elastography (MRE) is a dynamic elasticity imaging technique that uses
mechanical waves to quantitatively assess the shear modulus (or stiffness) of tissues
(Muthupillai et al., 1995). The technology is becoming available as an upgrade on
conventional MRI scanners, and the most important initial clinical application has been for
noninvasively assessing hepatic fibrosis, which increases the stiffness of liver tissue
(Venkatesh et al., 2008b; Yin et al., 2007). The three basic steps of this MRE are
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1. shear waves with frequencies ranging from 50 – 500 Hz are induced in the tissue
using an external driver,

2. the waves are imaged inside the body using a special MRI technique and

3. the resulting data are processed to generate quantitative images displaying the
stiffness of tissue.

The following sections highlight some of the key components of the MRE methodology and
provide some sample applications under investigation.

Generating Mechanical Waves in Tissue
MRE typically uses vibrations of a single frequency (within the audio frequency range)
generated by external driver devices. The electrical signal for these devices is created by a
signal generator triggered by and synchronized to the MR pulse sequence and is amplified
by an audio amplifier before being fed into the mechanical driver, as can be seen in Figure
3a.

Over the years, several driving mechanisms have been developed, each with their own
advantages and limitations (Tse et al., 2009). Three of the most commonly used driver
systems are schematically shown in Figures 3b–d. Figure 3b shows an electromechanical
driver that works via the Lorentz force and utilizes the magnetic field of the main MRI
magnet (Braun et al., 2003; Muthupillai et al., 1995). A piezoelectric stack driver system is
shown in Figure 3c, where the motion created is based on the piezoelectric property of
certain materials (Chen et al., 2006; Othman et al., 2005). Focused-ultrasound-based (FUS-
based) radiation force has also been investigated as a means to create mechanical motion for
various elasticity imaging strategies including MRE, where shear waves are created directly
within tissue with externally placed ultrasound transducers (Bercoff et al., 2004; Nightingale
et al., 2001; Wu et al., 2000).

Another widely used method of creating the required vibrations for MRE utilizes the motion
of the voice coils used in acoustic speaker systems. The required vibrations are again
produced by the Lorentz force, but the static magnetic field is from a devoted permanent
magnet present in the acoustic speaker (Asbach et al., 2008; Yin et al., 2007). These
speakers, with their own permanent magnets, have to be placed away from the main MR
magnet, thus this system necessitates an additional component to couple the vibrations
produced by the speakers to the tissue. One approach is to enclose the area around the
speaker cone or its equivalent, to use a long connecting tube to pneumatically conduct the
harmonic pressure variations of the air into the scanner and to terminate the tube in a passive
drum-like driver kept in contact with the tissue (pressure-activated driver, shown
schematically in Figure 3d). This driver can be easily manipulated, and the portion of the
driver system actually in the vicinity of the patient is made out of materials that do not
produce MR image artifacts. This system is used by several groups for clinical hepatic MRE
(Venkatesh et al., 2008b). Since the actual vibrations are produced by an active component
different from the passive component in contact with the tissue, the passive component can
be adapted to suit any organ of interest, such as the breast or brain. The amplitude of the
vibrations induced within the tissue is very low and is maintained within vibration safety
limits derived from a European Union directive limiting occupational exposure to whole-
body and extremity vibrations (Ehman et al., 2008).

Imaging the Propagating Waves
The fundamentals of MR imaging underpinning MRE can be found in references such as
(Bernstein et al., 2004; Vlaardingerbroek and Den boer, 2003). Measuring the tissue motion
produced by a driver with MRE is based on an MR imaging technique called phase-contrast
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MRI (Moran, 1982). Muthupillai et al. developed the technique of dynamic phase-contrast
MRE where propagating shear waves in tissue are encoded into the phase of the MR images
with the help of motion-encoding gradient (MEG) pairs (Muthupillai et al., 1995). After
continuous harmonic motion is induced in the tissue, a MEG oscillating at the same
frequency as the motion is applied and conventional MR imaging is performed. The phase
contribution to the MR image ϕ due to the motion and the applied magnetic field gradient at
a given position vector r ⃗ and phase offset θ between the motion and the MEG can be written
as

where γ is the gyromagnetic ratio of the tissue protons , N is the number
of gradient pairs used to sensitize the motion, T is the period of the motion-encoding
gradient, G ⃗ is its amplitude, ξ⃗0 is the peak amplitude of motion, and k⃗ is the wave number.
This equation states that the phase of harmonically vibrating tissue is directly proportional to
its displacement.

Figure 4 shows a typical MRE pulse sequence using a gradient-recalled echo with the
conventional radiofrequency (RF) pulse waveform, slice-selection gradient, phase-encoding
gradient and frequency-encoding gradient. The motion-encoding gradient (shown here only
in the frequency-encoding direction) is placed after the RF excitation of the sample and
before the measurement of the induced signal. Motion occurring in any direction can be
encoded into the phase of the MR image by manipulating the axes on which the MEGs are
placed. In this example, only the motion occurring in the frequency-encoding direction will
be sensitized to and encoded into the image phase. The motion-encoding capability of this
technique is very sensitive and can detect motion on the order of 100’s of nanometers
(Muthupillai et al., 1996).

An MR image thus obtained containing information about the propagating wave in its phase
is called a wave image. Typically two such wave images are collected with opposite polarity
of the MEG and a phase-difference image is calculated to remove non-motion-related phase
information. The solid and the dotted lines in Figure 4 indicate the MEG waveforms with
opposed polarities used sequentially to produce these phase-difference wave images.

Figure 4 also schematically shows the induced continuous sinusoidal motion of the tissue
and its temporal relationship with the MEG (θ). Changing this temporal relationship in
subsequent acquisitions is utilized to acquire snapshots of the propagation of the waves,
typically at 4–8 temporal samples (called phase offsets) spaced equally over a period of the
wave motion, to show the propagation of the wave in MRE experiments and to permit
processing of the data through time. From this temporal data, displacement information at
the applied mechanical frequency can be extracted for subsequent processing and spurious
phase information that is at other frequencies can be removed. In some applications where
mechanical transient waves are being investigated as a tool to overcome some of the
problems that arise due to the use of harmonic waves, such as wave reflections and
interference, the series of images with increasing temporal delay values are acquired over a
longer time interval to study the origination and evolution of the transient wave (McCracken
et al., 2005).

Since the motion-encoding gradients necessary for MRE are inserted into conventional MR
pulse sequences, MRE can be implemented with many MR imaging sequences, each with its
own advantages and limitations. Various groups have demonstrated using different pulse
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sequences for different applications and hence MRE pulse sequences based on spin echo
(SE), gradient-recalled echo (GRE), balanced steady-state free precision (bSSFP) and echo
planar imaging (EPI) techniques exist (Bieri et al., 2006; Kruse et al., 2006; Maderwald et
al., 2006; Rydberg et al., 2001). These pulse sequences can be designed to have the MEG
frequency matched to the frequency of motion (optimally sensitive to motion of that
particular frequency (Muthupillai et al., 1995)), a particular multiple of the motion
frequency (which has lower motion sensitivity) to reduce the echo time for applications
involving short-T2 tissues (Rump et al., 2007), or can be designed to be sensitive to motion
with a broad range of frequencies (Asbach et al., 2008; Romano et al., 2003).

Mechanical Parameter Estimation
From the wave images indicating the propagation of shear waves in the tissue, mathematical
inversion algorithms based on equations of motion, with simplifying assumptions like
isotropy, homogeneity, and incompressibility, allow for the calculation of mechanical
properties like the shear modulus to be used for clinical interpretations. The frequency-
domain constitutive equation of motion for a general, homogeneous, anisotropic,
viscoelastic material relates an applied stress to the resultant strain and can be expressed as a
rank-4 tensor with 21 independent complex quantities (Auld, 1990). Making the assumption
of isotropy reduces the number of independent quantities to two, typically the two Lamé
constants λ and μ that predominantly control the longitudinal and shear strains, respectively.
In soft tissues, the first Lamé parameter λ is usually much larger than the shear modulus μ,
which makes the simultaneous calculation of both λ and μ impractical. However, the effect
of λ can be simply neglected in some cases (if the excitation is primarily shear) or can be
removed by filtering out longitudinal wave motion with bandpass filtering or curl filtering
(Manduca et al., 2001).

The shear modulus μ is a complex quantity and can be written as μr + iμi, where μr indicates
the storage modulus and μi is the loss modulus reflecting the attenuation of a viscoelastic
medium. From the complex shear modulus at a particular frequency, the shear wave speed
can be calculated and an effective shear modulus (often called the shear stiffness) can be
calculated using the simple relation: μ = ρVs2, where ρ is the density of the material
(typically assumed to be around 1000 kg/m3 for tissue in MRE) and Vs is the wave speed of
the shear wave. Since the wave speed can be written as a product of the operating frequency
and the spatial wavelength, early MRE analysis methods focused on measuring the
wavelength of the shear wave and were initially manually performed. Later, automatic
algorithms that could calculate the wavelength (local frequency estimation, LFE; phase
gradient, PG) were adopted and implemented (Manduca et al., 1996). As the field grew,
algorithms that solved the wave equation directly to calculate both μr and μi were developed
(direct inversion, DI; (Oliphant et al., 2001)). Even with these methods, the stiffness values
are still often reported as the product of density and squared wave speed out of convention
and convenience. A detailed review of these methods is provided in (Manduca et al., 2001).

The images of the mechanical properties of tissue calculated in MRE are often referred to as
elastograms and in this review all of the elastograms presented indicate the tissue shear
stiffness at a single frequency of operation. Depending on the technique used to derive the
elastograms from the original MR images, elastograms can theoretically (e.g., absent any
noise) have half the resolution of the native MR images (which can range from 50 µm to 10
mm depending on the application), however they more typically have one-third to one-fifth
of the MRI resolution. Shear wave interference can cause artifacts in the stiffness
calculations using several of the above techniques, and a preprocessing technique called
directional filtering has been developed to reduce these artifacts (Manduca et al., 2003a).
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Applications
As is evident from the above discussion about MRE driver technology, imaging methods,
and inversion techniques, there have been numerous MRE developments over the years,
most of which have required preliminary testing before progressing to in vivo applications.
Figure 5 shows an example of data obtained from a typical phantom experiment designed to
test MRE principles in tissue-mimicking media. These phantoms are often constructed with
regions of different stiffnesses. In this example, the background region is made up of a 2%
agarose gelatin, the two soft inclusions that can be seen in the MR magnitude image in
Figure 5a as hyperintense regions are made up of softer 1% agar and the hypointense stiff
inclusions are made up of stiffer 3% agar.

An electromechanical shear driver, shown schematically in Figure 5a, induces harmonic
shear waves (of 100 Hz in this particular example) into the phantom by vibrating in the
direction indicated with the double-sided arrow. The propagation of these waves in the
phantom is imaged with an MRE pulse sequence sensitive to motion in the horizontal
direction. One of the wave images is shown in Figure 5b, where the displacement in the
phantom due to the shear wave propagation is shown in units of microns. It can be seen that
the wavelength decreases in the soft regions and increases in the stiff regions. From the
wave data, a shear stiffness elastogram was calculated using the LFE inversion algorithm
with directional filtering and is shown in Figure 5c in units of kPa. The stiffness contrast
between the inclusions and the background gel is evident and both the soft and stiff
inclusions can be visualized in this image based on the difference in their stiffnesses.
Representative quantitative stiffness values for these regions can be calculated by averaging
the values present in a region of interest drawn inside these regions. The values calculated
for these regions were 32 kPa, 6 kPa and 85 kPa, respectively, for the background region,
soft inclusions and the stiff inclusions.

Due to the flexibility, noninvasiveness and potential clinical applications, the field of MRE
has been rapidly evolving with new applications emerging for various organs including
liver, spleen, kidney, pancreas, brain, cartilage, prostate, heel fat pads, breast, heart, lungs,
spinal cord, bone, eye, and muscle (Asbach et al., 2008; Chen et al., 2009; Chopra et al.,
2009; Dresner et al., 2001; Goss et al., 2006; Huwart et al., 2007; Kemper et al., 2004;
Kolipaka et al., 2009; Kruse et al., 2009; Kruse et al., 2008; Litwiller et al., 2010a; Litwiller
et al., 2010b; Lopez et al., 2008; Mariappan et al., 2010; Mariappan et al., 2009c; McGee et
al., 2008; Ringleb et al., 2007; Shah et al., 2004; Sinkus et al., 2005b; Weaver et al., 2005;
Xu et al., 2007; Yin et al., 2007). Table 1 provides example shear stiffness values obtained
(and the frequency at which they were calculated) using MRE for a select set of organs.

The following discussion summarizes some of the current applications of MRE that are
being investigated.

Liver MR Elastography—Magnetic resonance elastography has been widely investigated
for the diagnosis of hepatic diseases (Huwart et al., 2007; Rouviere et al., 2006) and is
currently used in clinical practice for fibrosis and cirrhosis assessment where the stiffness of
the diseased liver is significantly higher than normal liver tissue stiffness (Venkatesh et al.,
2008b). Clinical hepatic MRE is performed at a frequency of 60 Hz using pneumatic-based
pressure-activated drivers. Wave data are acquired with four phase offsets and a modified
direct-inversion algorithm with multiscale capabilities is used for the estimation of the liver
stiffness.

Figure 6 shows a graph (based on (Yin et al., 2007)) that shows the liver stiffness for
volunteers with normal livers and for patients with livers at different stages of fibrosis. The
stiffness of the liver is directly related to the fibrosis stage and it increases with the
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progression of the disease. Based on ROC analysis, a cutoff of 2.93 kPa was found to be an
optimal threshold for distinguishing healthy livers from fibrotic ones, with sensitivity and
specificity values of 98% and 99%, respectively. Other imaging methods, such as CT,
ultrasound and conventional MRI are very limited in their capability of demonstrating the
presence of liver fibrosis until the disease has advanced to irreversible cirrhosis (Faria et al.,
2009;Talwalkar et al., 2008).

Two examples of clinical MRE exams are shown in Figure 7, one from a patient with a
normal liver (top row) and another from a patient with cirrhosis (bottom row). The MR
magnitude images of the normal liver and the diseased liver are shown in Figures 7a and 7d,
respectively, with the boundaries of the livers marked with dotted lines. From these images,
no information about the presence or the absence of the disease can be obtained. A single
wave image obtained from MRE at 60 Hz is shown in Figures 7b and 7e for the normal and
abnormal livers, respectively. It can be seen that the shear waves in the cirrhotic liver are
longer than the shear waves in the normal liver. The corresponding stiffness estimates of the
livers are shown in Figures 7c and 7f and the increased stiffness of the cirrhotic liver is
evident. Quantitatively, the mean stiffness of the normal and the abnormal livers were
calculated to be 1.7 kPa and 18.83 kPa respectively.

MRE is also being investigated as a means to characterize hepatic tumors and it has been
found that malignant liver tumors have significantly greater mean shear stiffness than benign
tumors and normal liver tissue and a cutoff value of 5 kPa can differentiate malignant
tumors from benign tumors and normal liver parenchyma (Venkatesh et al., 2008a).

Breast MR Elastography—Another application of MRE that is being investigated with
great interest is for the assessment of breast cancer (McKnight et al., 2002; Sinkus et al.,
2005b). Breast tumors are known to be typically stiffer than benign lesions and normal
breast tissue (Krouskop et al., 1998). Manual palpation is a recommended part of routine
screening for breast cancer and helps in the detection of these hard masses (Barton et al.,
1999). Contrast-enhanced MR imaging (CE-MRI) has proven to have a very high sensitivity
for the detection of tumor nodules, but the specificity of the technique can be a problem
(Heywang-Kobrunner et al., 1997) leading to numerous false positives and unnecessary
biopsies. MRE is being investigated as a complementary technique to CE-MRI to provide
additional information about these suspicious regions and the combined technique has
shown promise to increase diagnostic specificity (Sinkus et al., 2007).

Figure 8 shows an example MRE exam of a patient with a known 5-cm adenocarcinoma. An
anatomic MR image of the breast is shown in Figure 8a with the tumor outlined. 100-Hz
shear waves were introduced into the breast tissue with the help of electromechanical drivers
and wave images were obtained with a gradient-echo MRE sequence. One of the wave
images is shown in Figure 8b showing that the shear wavelengths are longer in the tumor
compared to the normal glandular tissues. The elastogram is shown in Figure 8c. As
expected from the wave data, the tumor is significantly stiffer than the normal tissue. Figure
8d shows an overlay image of the stiffness map on the magnitude image of the breast and
the stiff region correlates well with the location of the tumor.

Skeletal Muscle MR Elastography—MRE has also been extensively investigated for
studying the stiffness of skeletal muscle since it is well known that the stiffness changes
significantly depending upon the contractile state of the muscle (Dresner et al., 2001; Duck,
1990; Ringleb et al., 2007; Sack et al., 2002). Skeletal muscle MRE can be used for studying
the physiological response of diseased and damaged muscles. For instance, it has been found
that there is a difference in the stiffness of muscles with and without neuromuscular disease
(Basford et al., 2002).
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Figure 9 shows an example of MRE of the calf soleus muscle of a healthy subject. The MR
magnitude image of the muscle in the imaged slice is shown in Figure 9a with the position
of the electromechanical driver used to create the shear waves indicated by the arrow. The
images in Figures 9b–d show wave images acquired using 100-Hz vibrations while the
muscle was exerting forces of 0, 5 and 10 N/m, respectively, in a custom-built leg press. It
can be seen that the wavelength of the waves increased as the force exerted by the muscle
increased, as indicated by the double sided arrows. Due to the anisotropy of the muscle,
usually the stiffness of muscle is calculated by manually measuring the shear wavelength
along a 1D profile drawn in the direction of primary wave propagation along the muscle
fibers, and the values for the data shown in Figures 9b–d were found to be 16, 36 and 96
kPa, respectively. In accordance with the wave images, the stiffness of the muscle increased
as the force that it exerted increased.

Brain MR Elastography—Assessment of the mechanical properties of brain tissue with
MRE is another area of significant research and clinical interest (Green et al., 2008; Kruse et
al., 2008; Xu et al., 2007) due to the diagnostic potential of brain tissue stiffness information
as it may be related to diseases like Alzheimer’s disease, hydrocephalus, brain cancer and
multiple sclerosis. While it would be difficult to use ultrasound-based approaches to
noninvasively assess brain mechanical properties, MRE is well suited for this application.
An example of brain MRE data from a healthy volunteer is shown in Figure 10. Multiple
axial slices of the brain were imaged and the magnitude image of a single slice is shown in
Figure 10a. Vibrations at 60 Hz were introduced into the brain with the help of a pressure-
activated driver placed under the head. A single wave image and its corresponding
elastogram are shown in Figures 10b and 10c, respectively.

MR Elastography for Visualizing Anatomy—The primary applications of MRE that
have been developed have focused on the study of the mechanical properties of different
tissues. However, the capability of MRE to measure the displacement of tissues has also
been investigated to address other clinical questions. Such applications include a shearline
imaging technique designed to investigate the functionality of slip interfaces and a vibration
imaging technique used to localize the functional compartments of the forearm flexor
muscles (Mariappan et al., 2009a; Mariappan et al., 2009b).

As an example of these applications, the vibration imaging technique is introduced here, the
goal of which is to locate the finger-specific functional compartments of the extrinsic
forearm flexor muscles that partly control the flexion of the interphalangeal joints of the
index, middle, ring and little fingers. Even though these flexor muscles (flexor digitorum
superficialis, FDS and flexor digitorum profundus, FDP) do not possess anatomically
distinct compartments, they can exert almost independent action on specific fingers through
selective activation of functional compartments specific for each finger (Bhadra et al., 1999;
Fleckenstein et al., 1992; Jeneson et al., 1990). The knowledge of the location and
boundaries of these segments is useful for localizing techniques like MR spectroscopy and
biopsy, but is difficult to obtain currently. With the proposed vibration imaging technique
based on MRE principles, this can be achieved by vibrating a finger of interest
independently of the others and measuring the amount of motion within the forearm
musculature that is transferred through the structurally connected tendons.

Preliminary data from this technique has indicated that it is capable of delineating these
functional compartments and Figure 11 shows an example of vibration imaging data
obtained with the ring finger selectively vibrated. Figure 11a shows the magnitude image of
the imaged axial slice of the forearm. Figure 11b shows a wave image at this slice location
with the MR imaging sequence sensitized to the through-plane motion of the forearm tissues
when the ring finger alone was vibrated at a frequency of 90 Hz. Figures 11c and 11d show
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the amplitude and phase of the motion at the frequency of vibration obtained from a Fourier
transformation of the wave images through time. It can be seen that distinct regions within
the extrinsic flexor and extensor muscles (indicated by the arrows) had high displacement,
indicating that these regions are mechanically coupled with the finger being vibrated. It can
also be noticed from the motion amplitude image (Fig. 11c) that finger-specific
compartments exist within both the flexor and extensor muscles, and from the phase image
(11d) it can be seen that these compartments within the flexor and extensor regions move
with opposite phase. Furthermore, it can be noted that the vibration of a single finger, in
addition to creating motion within its own compartment, also elicited some low-amplitude
motion within the compartments corresponding to other fingers, confirming the theory of
incomplete subdivision of these functional compartments from previous electromyography
studies (Reilly and Schieber, 2003). These findings indicate future potential applications for
this technique for the study of hand and wrist biomechanics.

Challenges and Future Directions
There are many challenges and opportunities for further technical development of MRE. The
effective spatial resolution of the technique increases as the frequency of the applied waves
is increased. Unfortunately, high-frequency shear waves are attenuated more rapidly than
low-frequency waves, so there can be a tradeoff between spatial resolution and distance
from the vibration source in some applications. Improved driver technology for MRE, such
as the use of arrays of multiple vibration sources, is also under investigation (Mariappan et
al., 2009d). Very stiff tissues such as bone, tendon, and cartilage require much higher
vibration frequencies (in the kilohertz range) than soft tissues for evaluation with MRE.
Current MRI scanners do not have gradient hardware that is capable of encoding wave
motion at such high frequencies. These limitations may be addressed in the future with
specialized hardware solutions (Lopez et al., 2008). While simple 2-dimensional sectional
wave imaging may be adequate for some applications of MRE, many other applications
require acquisition of wave data from an entire 3D volume. This type of acquisition may be
prohibitively long using conventional sequences, but is becoming more practical with the
introduction of special high-speed imaging techniques such as echo planar and parallel
imaging in MRE (Glaser et al., 2006; Kruse et al., 2006). The mathematical techniques used
to process the wave data to generate elastograms have also improved significantly in recent
years, but there are still many opportunities to advance these methods and to generate
additional tissue characterization parameters, such as estimates of mechanical anisotropy,
nonlinearity, and viscoelastic behavior (Asbach et al., 2008; Manduca et al., 2003b; Romano
et al., 2005; Sack et al., 2002; Sack et al., 2004; Sinkus et al., 2005a; Sinkus et al., 2005b).

Conclusions
Elasticity imaging has received considerable attention due to its intuitive source of
mechanical contrast paralleling the information provided by palpation and the significant
diagnostic potential that this information can provide. Magnetic resonance elastography is
an MRI-based technique which is capable of noninvasively assessing tissue stiffness and it
has already been shown to be beneficial as a clinical tool for the diagnosis of hepatic
fibrosis. A number of other applications of MRE for determining tissue properties, structure,
and function, such as the ones discussed here, are being investigated which could offer
valuable information to clinicians and researchers in the future and interest in the field
continues to grow rapidly.
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Figure 1. Imaging modality contrast mechanisms
Examples of different imaging modalities and the spectrum of contrast mechanisms utilized
by them are shown. The shear modulus has the largest variation with variations over 5
orders of magnitude among various physiological states of normal and pathologic tissues.
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Figure 2. Various approaches to elasticity imaging
The flowchart lists the various approaches to the three basic steps to elasticity imaging: (1)
excitation application, (2) tissue response detection, and (3) calculation of the mechanical
properties of the tissue.
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Figure 3. External driver systems
(a) Block diagram of the external driver setup. Examples of typical mechanical drivers
include (b) electromechanical, (c) piezoelectric-stack, and (d) pressure-activated driver
systems.
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Figure 4. MRE pulse sequence
Shown is an example of a gradient-recalled echo MRE pulse sequence diagram. A typical
bipolar motion-encoding gradient (MEG) is shown (solid line) as well as the negative MEG
(dotted line) used for phase-contrast imaging. The motion waveform and its temporal
relationship (θ) with the MEG are also shown.

Mariappan et al. Page 19

Clin Anat. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. MRE of an inclusion phantom
(a) MR magnitude image of an inclusion phantom with soft and stiff inclusions seen as the
hyperintense and hypointense regions, respectively. (b) A single wave image from the MRE
acquisition performed at 100 Hz. The difference in the wavelengths in the different regions
is evident. (c) An elastogram obtained from these data showing the stiff and soft regions.

Mariappan et al. Page 20

Clin Anat. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Liver stiffness due to Fibrosis
MRE-derived stiffness of healthy liver tissue at 60 Hz compared to the stiffness of liver
tissue at various stages of fibrosis. The stiffness increases gradually with the progression of
the fibrosis. A cutoff of 2.93 kPa well differentiates the healthy and fibrotic livers.
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Figure 7. Hepatic MRE
Results are shown from clinical hepatic MRE exams of a patient with a normal liver (top
row) and a patient with a cirrhotic liver. (a,d) Conventional abdominal MR magnitude
images of the two patients, showing no significant difference between the two livers. (b,e)
Wave images from the MRE acquisition at 60 Hz showing shear waves with a shorter
wavelength in the first patient, and a substantially longer wavelength in the second patient.
(c,f) The corresponding elastograms indicating that the two livers were normal (1.7 kPa) and
cirrhotic (18.83 kPa), respectively.
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Figure 8. Breast MRE
(a) An axial MR magnitude image of the right breast of a patient volunteer is shown. A large
adenocarcinoma is shown as the outlined, mildly hyperintense region on the lateral side of
the breast. (b) A single wave image from MRE performed at 100 Hz is shown along with the
corresponding elastogram (c). (d) An overlay image of the elastogram and the magnitude
image shows good correlation between the tumor and the stiff region detected by MRE.
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Figure 9. Skeletal muscle MRE
(a) A sagittal MR image of the calf soleus muscle with the location of the driver indicated
by the arrow is shown. 100-Hz MRE wave images of the muscle are shown while exerting 0
(b), 5 (c) and 10 N/m (d) of force. The increase in the wavelength (and thus stiffness) with
the increase in muscle force is easily visible and is indicated by the double sided arrows.
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Figure 10. Brain MRE
(a) Shown is an axial MR magnitude image of the brain showing white matter, gray matter,
and cerebrospinal fluid. (b) A single wave image from MRE performed at 60 Hz. (c) The
corresponding elastogram is shown and a good correlation between the magnitude image
and the stiffness estimate is evident.
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Figure 11. Functional compartments of the flexor muscles
(a) MR magnitude image of the right forearm of a healthy volunteer. (b) An example wave
image obtained using MRE motion encoding of tissue vibrations in the forearm induced by
selectively vibrating the ring finger at 90 Hz. (c) An amplitude map obtained from wave
images indicating localized regions of higher displacement corresponding to the
compartments of the flexor and extensor muscles (arrows). (d) A phase map obtained from
the wave images indicating that the compartments of the flexor and extensor muscles of the
activated finger are moving out of phase with each other.
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Table 1

Typical shear stiffness values of various tissues.

Tissue Shear stiffness
(kPa)

Frequency of
operation

(Hz)
References

Ocular Vitreous Humor 0.01 10 (Litwiller., 2010b)

Lung 0.95 40 (Goss et al., 2006)

Liver:
    Healthy
    Cirrhotic

2.2
8.9

60 (Yin et al., 2007)

Prostate:
    Central
    Peripheral

2.2
3.3

65 (Kemper et al., 2004)

Breast:
    Adipose tissue
    Fibroglandular tissue
    Tumor

3.3
7.5
25

100 (McKnight et al., 2002)

Brain:
    Gray matter
    White matter

5.2
13.6

100 (Kruse et al., 2008)

Muscle:
    Healthy
    Neuromuscular disease

16.6
38.4

150 (Basford et al., 2002)

Cartilage 2000 5000 (Lopez et al., 2008)

Bone 0.8 × 106 1500 (Chen et al., 2009)
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