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�Introduction

Diagnostic medicine involves a synthesis of 
information about the current and past health of a 
patient which is used to diagnose the patient’s 
condition and to design a plan for future medical 
care and treatment. This information can come 
from many sources, including discussions about 
family medical history to indicate hereditary 
conditions, the results of blood and culture tests 
to indicate the presence of known pathogens and 
to assess the chemical and cellular balance of the 
patient, and the results of imaging tests (e.g., 
X-ray and MRI) to determine abnormalities in 
the structure and function of particular organs.  
A common technique used in routine physical 
examinations is palpation [1, 2]. Among its 
numerous uses, palpation allows physicians to 
assess changes in the mechanical properties of 
tissue associated with the presence and develop-
ment of certain diseases. Breast and thyroid 
cancer, for example, are often detected as a 
stiffening of normally soft glandular tissue [3]. 
Similarly, liver disease often results in cirrhosis 

of the liver, a condition recognized by a marked 
increase in the stiffness of the entire liver [4].

The power and utility of palpation can be seen 
in reports that many breast cancers are detected 
by palpation before being found using mammog-
raphy, and some cancers detected using palpation 
are even occult on mammography [5–7]. 
Similarly, abdominal tumors are often found dur-
ing surgery that were not detected earlier by CT, 
MRI, or ultrasound [8]. While palpation contin-
ues to be an important tool for clinicians, it is still 
a qualitative technique that is limited to tissue 
accessible by the physician. The use of imaging 
techniques designed to quantitatively assess the 
mechanical properties of tissue, even tissue not 
directly accessible by touch, could provide sig-
nificant information to physicians. Since there 
are known changes in the mechanical properties 
of tissue associated with the advanced stages of 
many diseases, it is likely that there are changes 
to tissue that occur at even earlier stages of these 
diseases that may be useful for diagnosing the 
disease, predicting the course of the disease, and 
monitoring the effect of treatment.

Modern medical imaging has become an 
invaluable tool for assessing the structure and 
function of healthy and diseased tissue in  vivo 
and noninvasively. For example, techniques such 
as film radiography, CT, MRI, PET, SPECT, and 
ultrasonography can provide information about 
bone fractures, tissue degeneration, abnormal 
blood flow and perfusion, and tumor location and 
margins. Each of these techniques relies on 
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differences in specific properties of tissue to 
provide contrast in the images they produce. For 
example, while MRI uses differences in tissue 
magnetic properties, CT and film radiography 
produce images based on differences in the 
absorption of X-rays by different tissues. PET 
and SPECT rely on measuring the decay of 
radionuclides differentially absorbed by healthy 
and diseased tissue, whereas ultrasonography is 
based on detecting differences in the acoustic 
impedance (e.g., density or bulk modulus) 
between various tissues.

The properties of tissue involved in some typical 
radiographic imaging methods are shown in 
Fig. 2.1 and can be seen to vary by only about 
one order of magnitude, even between healthy 
and diseased tissues. This can limit the contrast 
and detectability of some tissues and structures. 
From the mechanical testing of ex  vivo tissue 
samples, it has been shown that some tissue 
mechanical properties (e.g., the shear modulus) 
can vary over several orders of magnitude 
between different types of tissue and between 

normal and diseased tissues [9, 10]. Therefore, an 
imaging technique capable of measuring tissue 
mechanical properties could be quite sensitive to 
disease-related changes in these properties.

�Elasticity Theory

Measuring and modeling the mechanical proper-
ties and behavior of materials is an important part 
of many fields of science. From improving the 
design of roads and buildings to creating artificial 
tissues and organs, knowledge of the mechanical 
properties of the individual components of a sys-
tem and of the system as a whole are critical for 
the adequate performance of the final structure. 
Considerable research has been involved in the 
development of artificial tissues and organs, such 
as the heart, lung, liver, skin, and cartilage [11–14]. 
In some cases, the primary goal is to replicate the 
function of the original organ (e.g., the artificial 
heart). However, in other cases, reproducing the 
mechanical properties of the original tissue is 

Fig. 2.1  Examples of tissue properties responsible for contrast in imaging techniques including MRI, CT, and ultraso-
nography. The T1 relaxation rate, X-ray attenuation coefficient, and bulk modulus of soft tissues vary over about one 
order of magnitude. The shear modulus, a measure of tissue stiffness, varies by several orders of magnitude for healthy 
and pathologic tissues
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equally important because reproducing the 
mechanical response of the tissue under physio-
logic conditions will increase the chance that the 
patient will be able to return to normal activities 
with a normal range of motion and function. 
Therefore, understanding the mechanical proper-
ties of healthy and diseased tissue is important 
not only for diagnosing and characterizing a dis-
ease, but also for understanding and monitoring 
tissue function.

A number of mechanical tests exist for mea-
suring the static and dynamic properties of mate-
rials (e.g., indentation, impact, creep, and torsion 
tests) [15–18]. These mechanical tests involve 
applying a known force (or stress) to the material 
and measuring the resulting displacement (or 
strain) of the material. For example, in an inden-
tation test, a small probe is used to deform a small 
sample of a material. By measuring the amount 
of force that is being applied by the probe and the 
amount of deformation of the sample that results, 
material properties such as the Young’s modulus, 
another indicator of material stiffness, can be 
determined. The response of a material during a 
particular test will depend on several mechanical 
properties, including anisotropic, nonlinear, ther-
mal, geometric, composite, plastic, viscous, flow, 
and elastic effects. By carefully controlling the 
design of these experiments, and by making sim-
plifying assumptions about the characteristics of 
the material and the applied stresses, the results 
of these measurements can be interpreted in 
meaningful ways (e.g., [17–31]).

A typical set of assumptions made when 
measuring the mechanical properties of a mate-
rial is that of an infinite, homogeneous, linear, 
viscoelastic material [9, 32–34]. This set of 
assumptions significantly reduces the complex-
ity of the mathematical relationship between the 
applied stresses and the resulting strains, and 
also reduces the number of unknown material 
properties that have to be determined to charac-
terize the material. By assuming the material to 
be infinite, the impact of certain boundary condi-
tions and boundary effects can be ignored. 
Assuming the material to be homogeneous (at 
least within a small region where data process-
ing is performed) means only one set of material 

parameters needs to be considered and changes 
in the mechanical properties in space are negli-
gible. Treating the material as linearly viscoelas-
tic means that the strain of the material is linearly 
related to the applied stresses, though the 
response may change depending on the rate at 
which the stress is applied. Clearly, the validity 
of assumptions such as these must be reconsid-
ered with every application because different 
materials and different experimental setups will 
have different characteristics.

Under the above assumptions, a fully aniso-
tropic material may contain 21 independent 
quantities that would have to be known in order 
to fully characterize the material. The number of 
unknowns can be reduced by assuming that the 
material has certain symmetries. In a transversely 
isotropic material, the material is considered to 
have one preferential direction in which the 
response of the material is different from the 
response in the orthogonal directions. For exam-
ple, in muscle, the response of muscle tissue 
along the direction of the muscle fibers to a par-
ticular stress will be different than the response 
of the tissue to a similar stress applied across the 
muscle fibers. Transversely isotropic materials 
can be described using as few as three parame-
ters. Another common symmetry assumption is 
that the material under investigation is isotropic, 
and thus responds equally to stresses in any direc-
tion. An isotropic material only requires two 
quantities to describe its mechanical behavior, 
and several such quantities have been defined to 
aide in the description of the behavior of isotro-
pic materials. These quantities include the Lamé
parameters λ and μ (μ also being called the shear 
modulus), Poisson’s ratio (ν), Young’s modulus 
(E), the bulk modulus (K), and the P-wave modu-
lus (M). Knowledge of any two of these quanti-
ties allows for the calculation of the others. For 
example, by knowing the shear modulus and 
Poisson’s ratio, the others can be calculated as
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To facilitate the analysis of the mechanical 
response of different types of materials under dif-
ferent loading conditions, the equations relating 
the stresses and strains can be expressed in differ-
ent forms [9]. One such technique is to study the 
frequency-domain equations of motion for an infi-
nite, isotropic, homogeneous, linear, viscoelastic 
material experiencing time-harmonic motion 
(such as a periodic deformation of tissue) [33]. 
These equations can be written as a set of com-
plex-valued, coupled differential equations as
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where ρ is the density of the material, ω = 2πf, f is 
the frequency of the harmonic motion, and U(r, f) 
is the vector displacement of the material at the 
position r. These equations can be used to show 
that, under the above assumptions, the response of 
the material is to propagate shear waves and longi-
tudinal waves. Longitudinal waves have the prop-
erty that the direction of the displacement of the 
material is in the same direction as the direction of 
wave propagation. Shear (or transverse) waves 
have the property that the displacement is perpen-
dicular to the direction of wave propagation. The 
wave speed of the shear and longitudinal waves (cS 
and cL, respectively) can be written as

c

c

S

L

=
( )( )

 →

=
( )( )

ℜ +

+

ℜ + + +

ℑ →( )

ℑ +(

2

2 2

2 2

2

0

2

2

µ

ρ µ µ

µ

ρ

λ µ

ρ λ µ λ µ

µ

λ µ

,

))→ →
+0 2λ µ

ρ
,

�

(2.3)

where |μ|, ℜ(μ), and ℑ(μ) indicate the magnitude, 
real part, and imaginary part of the complex-
valued quantity μ, respectively.

It has been shown that the shear wave speed 
can vary significantly between different healthy 
and diseased tissues, from less than 1 m/s to over 

100 m/s [10, 35, 36]. However, the longitudinal 
wave speed for most soft tissues is about 
1,540 m/s and does not vary significantly between 
different types of tissue. Therefore, assessing the 
shear modulus and the shear wave speed has been 
the primary target for researchers trying to use 
the mechanical properties of tissue as indicators 
of disease.

�Elasticity Imaging

Over the last 20 years, a number of imaging tech-
niques have been developed to obtain informa-
tion about the mechanical properties of tissue 
in  vivo. Figure  2.2 provides a summary of the 
literature published on the topic of elasticity 
imaging over this time. This figure reflects the 
result of searching for “elastography” in the 
PubMed and Web of Knowledge databases for 
each publication year, ignoring false hits and 
conference abstracts, and differentiating the arti-
cles based on the primary imaging technique 
used or discussed. The imaging techniques, 
which will be discussed in more detail below, 
were crudely classified as [1] any ultrasound 
elasticity or strain imaging, [2] any phase-based 
MR elasticity or strain imaging, and [3] any other 
technique, including optical coherence tomogra-
phy, X-ray, and MR tagging. While not an 
exhaustive or definitive search, the point of this 
figure is to indicate the rapid growth that the field 
of elasticity imaging has experienced, even in 
just the last 5 years in which the number of pub-
lications has doubled. This reflects the growing 
interest in the field and the rapid development of 
elasticity imaging techniques and applications.

Imaging the elastic properties of tissue 
involves several important steps. First, a static, 
transient, or harmonic force is applied to the  
tissue. Second, the resulting internal displace-
ments of the tissue are measured. Third, the mea-
sured displacements are used to solve the 
equations of motion [e.g., Eq. (2.2)] that are 
assumed to model the behavior of the tissue to 
determine the mechanical properties of the tissue. 
Throughout the evolution of elasticity imaging, 
numerous approaches have been developed to 
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accomplish each of the above steps, each with its 
own benefits and limitations. Figure 2.3 shows a 
classic phantom experiment used to demonstrate 
these elasticity imaging principles.

The process of producing tissue motion can be 
performed using both extrinsic and intrinsic 
sources. Classic examples of extrinsic sources of 
motion include the use of piezoelectric elements, 
electromechanical actuators, and pneumatically 
powered drums and tubes that are placed in con-
tact with the body [37, 38]. The vibrations pro-
duced by these external devices propagate into 
the body and throughout the tissue of interest.  

In contrast, changes in blood and CSF pressure, 
as well as the motion of the beating heart, can 
serve as sources of intrinsic motion and can pro-
duce motion directly within tissue [39–43]. 
Focused-ultrasound techniques, such as using 
amplitude modulation or interfering ultrasound 
beams, have also been employed as an external 
source of vibration that is capable of producing 
motion directly within tissue [44–50].

Tissue displacement can be measured in vivo 
using a number of techniques, including ultra-
sound, MRI, X-ray, and optical methods. A num-
ber of ultrasound-based methods for measuring 

Fig. 2.2  A literature summary 
from searches in PubMed and 
Web of Knowledge using the 
search term “elastography.” The 
results are roughly subdivided 
based on the primary imaging 
technique used or discussed

Fig. 2.3  Demonstration of elasticity imaging of a tissue-mimicking phantom. The cylindrical phantom consists of a 
soft half and a stiff half. The phantom is placed on top of a pneumatically powered drum that vibrates it vertically. 
Cross-sectional imaging is performed to measure the internal displacement field of the phantom, which provides pic-
tures such as the one in the middle showing the through-plane component of the displacement field. The wave image 
shows shear waves propagating with a short wavelength through the soft material and a long wavelength in the stiff 
material. The wave images are used as the input into a wave equation modeling the wave propagation to solve for the 
stiffness of the phantom, as shown in the elastogram on the right
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tissue motion have been used for elastographic 
imaging, including Doppler imaging and cross-
correlation techniques [51–54]. These techniques 
have been used to image many different types of 
tissue, including muscle, skin, liver, breast, heart, 
prostate, and blood vessels. In Doppler-based 
ultrasound elasticity imaging, including “sono-
elasticity,” local tissue vibrations due to dynamic 
deformations cause Doppler shifts in the ultra-
sound signal which are used to measure tissue 
velocity changes over time [55–58]. The Doppler 
information can be used to obtain images show-
ing wave propagation through tissue from which 
shear wavelengths and wave speeds can be 
obtained, which can be used to derive the elastic 
properties of the tissue [56, 59]. This record of 
tissue motion can also be used to calculate dis-
placement and strain, as in the speckle-tracking 
techniques below, or it can be used with an appro-
priate equation of motion to directly solve for 
quantitative tissue mechanical properties. In 
speckle-tracking ultrasound elastography tech-
niques, repeated ultrasound acquisitions are 
obtained while tissue is undergoing quasistatic or 
dynamic deformations [40, 60–63]. Cross-
correlation analysis comparing successive images 
allows for estimates of the tissue displacement 
between the two acquisitions. The measured dis-
placements can then be used to calculate strain 
maps (qualitative images of tissue elasticity) 
which are used to characterize the tissue [64–67] 
or to track wave propagation through the tissue 
for purposes of calculating the wave speed, which 
relates to tissue stiffness [62, 63]. The transient 
elastography method, also called Fibroscan, has 
become a very popular technique for quickly 
assessing hepatic fibrosis in  vivo and noninva-
sively [62, 68]. Ultrasound elastography using 
ultrafast imaging techniques perform speckle-
tracking to measure tissue displacement, but use 
customized hardware to acquire and reconstruct 
images at an effective frame rate of about 5,000 
images per second [46, 63]. This method can 
image steady-state and transient wave propaga-
tion with high temporal and spatial resolutions 
and can be used to estimate tissue mechanical 
properties, including anisotropic and nonlinear 
properties [69, 70]. The primary limitations of 

these techniques are those produced by the 
ultrasound imaging itself in that an acoustic 
window is required to get the ultrasound signal 
into the tissue, the tissue displacement can 
typically only be measured in one direction 
(along the direction of the ultrasound beam), and 
the measurement depth is limited by the attenua-
tion and scattering of the ultrasound beam.

Optical elastography methods have also been 
developed which are similar to speckle-tracking 
and Doppler ultrasound elastography, but use 
light instead of ultrasound to measure the tissue 
motion [71–76]. The higher resolution achiev-
able with optical elastography makes it desirable 
for applications such as vascular imaging. 
However, like its ultrasound counterpart, this 
technique can only image tissue through an 
appropriate optical window, it can only measure 
displacements along the direction of the light 
beam, and it has significant depth limitations 
because of the high optical scattering and attenu-
ation properties of tissue. Elastography tech-
niques using X-rays have focused on acquiring 
static or quasistatic anatomical images and either 
using closed-form solutions to mechanical mod-
els of tissue deformation assuming certain geom-
etries to determine mechanical properties, or 
using finite-element methods to iteratively adjust 
the assumed mechanical properties of a model 
until the model of the tissue behaves like the 
observed tissue deformation [77–80]. The X-ray 
and optical elastography techniques have not 
been as well developed as their ultrasound and 
MR counterparts.

Numerous MRI techniques have been devel-
oped over the years for measuring tissue motion 
and for determining the mechanical properties of 
tissue. Several methods have been developed 
which use the technique of spatial modulation of 
magnetization (SPAMM) to modulate the longitu-
dinal magnetization of tissue to produce banding 
or grid patterns in the MR images that move with 
the deformation of the tissue [81–84]. From the 
MR images, the deformation of the grid pattern 
can be determined and used to estimate the strain 
distribution throughout the tissue. These tech-
niques have been used for assessing cardiac and 
skeletal muscle function as well as for studying 
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intrinsic brain motion and models of traumatic 
brain injury [82, 85–90]. Like many of the speckle-
tracking ultrasound and optical techniques, this 
technique only provides qualitative estimates of 
tissue mechanical properties unless additional 
assumptions are made about the tissue boundary 
conditions or the characteristics of the applied 
stresses. Another limitation of SPAMM tech-
niques is that they typically require large-
amplitude motion in order for the grid pattern to 
be tracked. While most SPAMM-based techniques 
produce in-plane grid patterns to measure tissue 
displacement, a similar approach using through-
plane SPAMM tagging was developed in which 
the quasistatic compression of tissue can be used 
to produce strain-encoded images [91]. Because it 
does not actually track the motion of the SPAMM 
tags, this method is less computationally demand-
ing than the conventional SPAMM technique, but 
it still only produces qualitative images of tissue 
mechanical properties.

In the SPAMM-based elastographic imaging 
techniques, tissue motion is calculated from a 
series of MR magnitude images. An alternative 
approach is to encode tissue motion into the 
phase of the MR signal. Normally, the magnetic 
field gradients used in MRI are used to determine 
the position of tissue that is assumed to be static. 
However, motion that occurs during these gradi-
ents will result in additional phase in the mea-
sured transverse magnetization according to
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where φ(r0, t) is the motion-induced phase of tis-
sue, originally at r0, at a time t after the creation 
of the transverse magnetization, γ is the proton 
gyromagnetic ratio, G(t) is the magnetic field 
gradient vector, and u(r0, t) models the motion of 
the tissue at r0 [92, 93]. This characteristic of the 
MR signal has been used for such applications as 
diffusion imaging, flow imaging, and compensat-
ing for flow artifacts [92–96].

Several MR elastography (MRE) techniques 
using phase-based motion encoding have been 
developed to measure the quasistatic and har-
monic deformation of tissue. One of the MRE 

techniques developed involves the imaging of 
quasistatic tissue compression using a stimulated-
echo MR acquisition [97–100]. Stimulated-echo 
MRE utilizes three RF pulses: the first RF pulse 
creates the transverse magnetization of the tissue 
while the tissue is in its initial state, the second 
RF pulse temporarily stores a portion of that sig-
nal as longitudinal magnetization while the tissue 
is deformed from its initial state (during the 
“mixing” time of the stimulated-echo sequence), 
and the third RF pulse returns the stored longitu-
dinal magnetization to the transverse plane to be 
measured while the tissue is still in its deformed 
state. To determine the amount of motion that the 
tissue has experienced, motion-encoding gradi-
ent pulses are incorporated into the imaging 
sequence before and after the mixing time. For 
tissue that does not move during the mixing time, 
the effects of the motion-encoding gradients 
(MEG) cancel each other and no net phase shift is 
recorded. However, in regions where the tissue 
has moved, a phase shift will be recorded that is 
proportional to the amount of displacement that 
has occurred. Like the SPAMM technique, this
record of the tissue displacement that is present 
in the MR images can be used to calculate the 
strain distribution within the tissue and to provide 
qualitative measures of tissue mechanical proper-
ties. To determine the tissue properties quantita-
tively, additional assumptions must be made 
about the boundary conditions and the stresses 
applied to the tissue.

An alternative form of MRE emerged from the 
desire to image the response of tissue to dynamic 
stresses [101, 102]. By using time-harmonic 
motion, equations of motion like Eq. (2.2) could 
be used to directly determine tissue mechanical 
properties, even without knowledge of the bound-
ary conditions present during the acquisition. 
Early work showed that MR imaging sequences 
could be easily modified to be sensitive to peri-
odic motion and that the properties of the acquisi-
tion could be tailored to enhance the sensitivity to 
motion at a particular frequency, or to yield 
broadband motion sensitivity, depending on the 
application [102–107]. Much like velocity encod-
ing in MR vascular flow imaging, the motion sen-
sitivity of MRE is accomplished by adding 
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additional MEG into standard MR imaging 
sequences which encode additional phase into 
the MR images in accordance with Eq. (2.4). 
Examples of MR imaging sequences which have 
been modified for MRE include gradient-recalled 
echo (GRE), spin echo (SE), echo planar imaging 
(EPI), balanced steady-state free precession 
(bSSFP), spiral, and stimulated-echo sequences 
[101–103, 106, 108–113]. Examples of GRE and 
SE-EPI MRE pulse sequences are shown in 
Fig. 2.4. Also like vascular flow imaging, MRE 
acquisitions are often repeated with two different 
amplitudes for the MEG (as indicated by the 
dashed MEG in Fig. 2.4). These two datasets are 
then combined to increase motion sensitivity 
while removing static phase errors from the 
images. In most applications, the MRE phase 
data are considered to be directly proportional to 
the tissue motion, thus the phase data can be sub-
stituted for displacement in equations of motion, 
such as Eq. (2.2), to determine the tissue mechan-
ical properties.

Because the tissue motion in dynamic MRE is 
dynamic, the imaging sequence and the motion 
must be synchronized so that the timing, or phase 
relationship, between the motion and MEG 
remains constant during the acquisition. Each 
phase image produced in this fashion (also called 
a “wave image”) is equivalent to imaging the 
dynamic displacement field at one instant in time. 

By changing the timing between the motion and 
MEG from one image acquisition to the next, 
multiple images (“phase offsets”) can be obtained 
which show the propagation of the displacement 
field over time. The time-domain data can then 
either be processed directly, or analyzed in the 
Fourier domain to isolate the motion occurring at 
specific frequencies. Besides continuous periodic 
vibrations, the propagation of transient impulses 
through tissue can also be imaged. This tech-
nique has been pursued as an alternative means 
for measuring strain, stiffness, and other tissue 
properties, and has also been considered as a 
model for studying tissue response to traumatic 
injury [114–116].

�Calculating Mechanical Properties

In order to determine the mechanical properties of 
tissue, the displacement data obtained from an 
elastographic imaging technique must be pro-
cessed using algorithms based on appropriate 
equations of motion that characterize the tissue 
response to the applied stresses used during the 
acquisition. For MRE, numerous algorithms have 
been developed incorporating variational meth-
ods, finite-element models (FEM), level set tech-
niques, and the direct solution of the differential 
equations of motion [117]. From one application 

Fig. 2.4  Examples of gradient-echo MRE and spin-echo EPI MRE pulse sequences. The diagrams show the RF wave-
forms; the X, Y, and Z gradient waveforms, and the tissue motion (“M”). The MEG, indicated by the alternating polarity 
solid and dashed curves in each example, are shown applied in the Z direction to image just that component of the tissue 
motion. In general, the MEG can be applied along any combination of axes to record the component(s) of the motion 
needed for the analysis
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to another, different assumptions have to be made 
about the tissue, including assumptions about 
tissue anisotropy, compressibility, attenuation, 
dispersion, poroelasticity, and geometric effects 
(e.g., waveguide effects and wave scattering prop-
erties). The images that are obtained from these 
inversion algorithms, which indicate the distribu-
tion of tissue mechanical properties, are often 
referred to as elastograms. Using such algorithms, 
it is possible to estimate tissue properties such as 
the shear modulus, shear wave speed, and shear 
viscosity, as well as to produce images indicating 
tissue structural information such as anisotropy 
and the fluid–solid nature of the tissue.

For many elastography applications, tissue is 
assumed to be linearly elastic, homogeneous, and 
isotropic. These assumptions result in the approx-
imation that the shear modulus μ of the tissue can 
be expressed as

	
µ ρ ρ λ= = ( )c fs

2 2
,
	

(2.5)

where ρ is the density of the tissue, cs is the shear 
wave speed in the tissue, λ is the shear wave-
length, and f is the frequency of tissue vibration. 
If the tissue is dispersive, the shear modulus of 
the tissue changes with the frequency of vibra-
tion. Therefore, the shear modulus obtained 
using Eq. (2.5) for a particular frequency is only 
valid at that frequency, and this single-frequency 
estimate of the shear modulus is often called the 
shear stiffness. One way to determine the shear 
modulus from Eq. (2.5) is to estimate the shear 
wavelength from profiles extracted from the 
measured displacement data. Different tech-
niques have been demonstrated for estimating 
the shear modulus in this fashion, including mea-
suring the distance between peaks and troughs of 
the waves [118–120], fitting a sinusoid to the dis-
placement data [48, 121], and fitting lines to the 
phase of complex-valued displacement data (the 
so-called “phase gradient” method) [122, 123]. 
While effective and straightforward to imple-
ment, these methods can be time consuming and 
error prone in the presence of interfering waves. 
A more sophisticated and robust method for 
measuring tissue stiffness was achieved with the 
implementation of the local frequency estimation 

(LFE) algorithm, which uses a series of image
filters with different center frequencies and 
bandwidths to obtain automatic and isotropic 
estimates of stiffness [117, 124]. The multiscale 
nature of the LFE algorithm produces robust
estimates of stiffness for heterogeneous media 
even in the presence of noise, making the tech-
nique appealing for a number of MRE applica-
tions, including kidney and prostate imaging 
[125–130]. However, the LFE technique can
have lower spatial resolution than other tech-
niques; often underestimates the stiffness of 
small, stiff structures; and lacks the ability to 
estimate the viscous properties of a material.

When the equations of motion governing tis-
sue displacement are known, such as in Eq. (2.2), 
the tissue properties can sometimes be deter-
mined by directly substituting the measured dis-
placements into the equations. This method is 
referred to as performing a direct inversion (DI) 
of the differential equations of motion [117, 131–
135]. Because they are based directly on the 
equations of motion, DI algorithms can be 
designed that incorporate viscosity, anisotropy, 
and geometric effects [134, 136–139]. Also, 
since the analysis is typically performed on small, 
local regions of tissue, DI methods tend to have 
better spatial resolution than LFE methods.
While DI methods are frequently applied to 
heterogeneous media, the inversions themselves 
typically assume that the mechanical properties 
of the medium are uniform within each process-
ing window. This “local homogeneity” assump-
tion is usually required for a practical solution of 
the equations of motion and is most valid when 
processing data within small regions away from 
boundaries and tissue interfaces. Since DI meth-
ods often require the calculation of high-order 
derivatives of noisy displacement data, when the 
data have low SNR, stiffness estimates provided 
by DI often have a larger variance than those pro-
duced by LFE. Careful consideration has to be
made to the degree of data smoothing that is per-
formed and the technique used to estimate the 
derivatives of the data to reduce the impact of 
noise on the final elastograms.

An alternative to directly inverting the differ-
ential equations of motion to obtain estimates of 
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material mechanical properties, which involves 
directly taking high-order derivatives of noisy 
data, are inversions which incorporate data mod-
els or smooth “test functions,” so some of the 
derivatives are calculated on smooth analytic 
functions rather than noisy measured data. These 
techniques include classic variational methods as 
well as alternative formulations of the equations 
of motion that require fewer derivatives of the 
noisy data [135, 136, 140]. Variational methods, 
specifically, perform integration on the data while 
shifting the derivative calculations to well-
behaved, smooth functions introduced partly to 
localize the inversion. While these methods 
would seem to be more robust to noise by design, 
in practice they are often implemented in a way 
that is equivalent to DI methods with some 
smoothing of the data, and thus they have only 
shown modest advantages over DI techniques. In 
contrast to techniques like DI and variational 
methods, which are often designed to ignore tis-
sue geometry and heterogeneity, inversion algo-
rithms based on the use of FEM have been 
designed which directly incorporate information 
about the tissue geometry and the full equations 
of motion [141–146]. In FEM inversions, a model 
is created using the imaged tissue geometry and 
motion, the equations of motion, an initial distri-
bution of tissue mechanical properties, and an 
approximation for the boundary conditions. The 
FEM is then solved for the displacement field 
throughout the tissue. This displacement field is 
compared to the measured displacement field and 
the tissue mechanical properties in the model are 
then adjusted and the FEM is solved again. After 
a number of iterations, the distribution of tissue 
mechanical properties in the model converges to 
a final estimate of the tissue properties that pro-
duce a displacement field that is most similar to 
the measured displacements. This technique can 
be very robust to noise since it does not require 
the calculation of derivatives of noisy data, and it 
can more accurately model the wave propagation 
in tissue because it does not make the local 
homogeneity assumption required by other algo-
rithms. However, it also requires an accurate 
model of the tissue motion, geometry, and bound-
ary conditions for an accurate simulation, and this 
information can be difficult to obtain in practice. 

Also, because of the repeated evaluation of the 
FEM model, which may be very large for  
the general 3D case, these methods are often very 
time consuming.

The presence of interfering waves in the 
measured MRE displacement data can cause 
artifacts in some MRE inversion algorithms 
(e.g., the phase-gradient algorithm, DI methods, 
and LFE). This is because some algorithms
implicitly or explicitly assume that the analysis 
is being performed on a single plane wave rather 
than a more complicated wave field with multi-
ple interfering wave fronts, while the destructive 
interference that can arise from interfering 
waves causes numerical instabilities in other 
algorithms. A technique called directional filter-
ing was developed to reduce these artifacts by 
using the temporal and spatial information in 
MRE data to separate waves propagating in dif-
ferent directions [147]. The extracted waves 
propagating in various directions each constitute 
a new displacement field on which the inversion 
algorithm can be applied to produce an estimate 
of tissue mechanical properties, and these 
multiple estimates of the mechanical properties 
can be averaged together to form the final 
elastogram. Additional low-pass and high-pass 
filtering properties can be incorporated into the 
directional filters to reduce image noise and the 
effects of longitudinal wave propagation and 
tissue bulk motion, both of which tend to intro-
duce long wavelength information into the mea-
sured displacement data. Longitudinal wave
motion can be better removed from the data by 
calculating the vector curl of the measured wave 
field, though this is not always possible as it 
requires the measurement of the full 3D vector 
wave field, which may be too time consuming in 
some applications [109, 148, 149]. An alternative 
approach to the directional filter for reducing the 
effects of interfering waves is to design a model 
of the wave propagation that incorporates waves 
propagating in many different directions and 
solves for them simultaneously [136]. Additional 
improvements in the visualization of tissue 
mechanical properties can be obtained by incor-
porating data measured using different 
mechanical vibration frequencies. The wave 
fields produced by different vibration frequencies 
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have different regions of wave interference. 
Merging the different wave fields in one inver-
sion compensates for this wave interference and 
improves the overall depiction of the tissue 
properties [107, 136]. One limitation of this 
method, however, is that it assumes that the tis-
sue mechanical properties are the same at these 
different vibration frequencies. Due to disper-
sive effects in the tissue, this is not true. However, 
the difference in properties may be small enough 
over a small enough bandwidth of frequencies 
that the error in this type of tissue model is insig-
nificant to the overall improvement in the way 
the tissue properties are depicted.

�Summary

The field of elasticity imaging has evolved tre-
mendously over the last 30 years and has included 
significant developments at every level, from 
improvements in how motion is created in vivo 
and what types of motion can be imaged, to how 
the imaging of tissue motion is performed, to 
how the images of tissue motion are processed to 
reveal tissue mechanical properties. In MRE, 
these developments have allowed for the in vivo 
evaluation of the liver, spleen, kidneys, brain, 
breast, skeletal muscle, and heart, among other 
applications, to assess their normal properties 
and how these mechanical properties change 
with the progression of various diseases. The rest 
of this book will discuss the current state of the 
art in MRE applications for imaging these vari-
ous organs.
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