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 Physicians have used their sense of touch as a powerful diagnostic tool for 
centuries. It has long been known that many disease processes are associated 
with major changes in the mechanical properties of tissue. Historically, investi-
gators in the fi elds of biomechanics and physiology have sought to integrate our 
knowledge of the mechanical properties of normal and abnormal tissue into our 
understanding of biological function. Building on these advances, we have 
more recently seen the emergence of the new science of mechanobiology. This 
has revealed the profound extent to which forces and physical properties of the 
cellular environment can affect cellular behavior. Indeed, it is now known that 
abnormalities in the mechanical environment contribute to the development of 
many diseases through a process known as mechanotransduction. 

 Motivated by these considerations, researchers have worked to develop 
noninvasive technologies for quantitatively evaluating the mechanical prop-
erties of tissue. A very promising approach that has emerged from this effort 
is Magnetic Resonance Elastography. This innovation, developed with the 
support of the National Institute of Biomedical Imaging and Bioengineering 
at the National Institutes of Health, makes use of acoustic and magnetic reso-
nance phenomena to accurately and noninvasively identify the disease. Over 
the last few years, Magnetic Resonance Elastography has been successfully 
translated from the laboratory to clinical practice. Even at this early stage, it 
is now used in medical care worldwide. 

 I am delighted to write a foreword for this, the very fi rst book on MR 
Elastography. The book starts with a history of Elastography, providing the 
readers an overview of the development of the technique. The following 
chapters provide coverage of currently established applications and a preview 
of things to come. This historic book would be useful for radiologists, imag-
ing scientists, technologists, residents, and fellows who are interested in 
learning about the new and exciting fi eld of MR Elastography.  

      Roderic     I.     Pettigrew, PhD, MD      
Director

National Institute of Biomedical Imaging 
and Bioengineering (NIBIB)

  Bethesda, MD, USA         

   Foreword   
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        Magnetic resonance elastography (MRE) is a 
powerful technology for quantitatively imaging the 
mechanical properties of tissue that was invented at 
the Mayo Clinic and fi rst described in a publication 
in SCIENCE [ 1 ]. A special MRI- based technique 
was developed, capable of imaging propagating 
mechanical waves within the living human body, 
even though they displace tissue by just fractions of 
microns. Advanced mathematical techniques are 
used to process these data to generate quantitative 
images depicting the stiffness of tissue. 

 MRE has shown a capability to noninvasively 
quantify the mechanical properties of many tis-
sues including liver, muscle, brain, lung, spleen, 
kidneys, pancreas, uterus, and thyroid. The fi rst 
well-established clinical application of MRE is 
the assessment of liver fi brosis. MRE has been 
routinely used for this purpose in patient care at 
the Mayo Clinic since 2007. For many patients, 
MRE is a reliable, safer, more comfortable, and 
less expensive alternative to liver biopsy for 
diagnosing liver fi brosis. MRE has been com-
mercially available as an FDA-cleared upgrade 
for MRI systems since 2010. At the time of writ-
ing, MRE technology is available from the manu-
facturers of more than 90 % of the MRI scanners 
in use around the world. 

 Now that MRE technology is in the hands of 
the clinical and scientifi c community worldwide, 
we anticipate that many new areas will be 
explored and innovative clinical applications 
established. Ongoing technical research will 
focus on many opportunities to address chal-
lenges relating to pulse sequence design, deliver-
ing mechanical waves to all areas of the body, and 
improving processing algorithms to generate 
more accurate and higher images. MRE is an 
exciting fi eld with scope for innovations, techni-
cal improvements, and new clinical applications. 

 In this book, we present a perspective on the 
rationale and origins of elastography, and then a 
series of chapters describing the emerging applica-
tions of MRE in various organs and clinical 
settings. We hope that this book addresses the gaps 
that exist in understanding the principles and 
applications of MRE as well as emerging clinical 
applications. The book is a result of hard work by 
all the authors and we sincerely hope that readers 
will fi nd it to be a useful introduction to the fi eld.    

   Reference 

   1.    Muthupillai R, Lomas DJ, Rossman PJ, Greenleaf JF, 
Manduca A, Ehman RL. Magnetic resonance elastogra-
phy by direct visualization of propagating acoustic 
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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 

K.J. Glaser, Ph.D. (*) • R.L. Ehman, M.D.
Department of Radiology, Mayo Clinic College  
of Medicine, Mayo Clinic, Rochester, MN, USA
e-mail: Glaser.Kevin@mayo.edu;  
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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

K.J. Glaser and R.L. Ehman
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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

− ( ) = +( )∇ ∇ ⋅ ( )( )
+ ∇ ( )

− ( ) = +( )∇ ∇

ρω λ µ
µ

ρω λ µ

2

2

2 2

U r U r

U r

U r

, ,

,
or

,

f f

f

f ⋅⋅ ( )( )
− ∇× ∇× ( )( )

U r

U r

,

,

f

fµ ,
�

(2.2)

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

=
( )( )
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,
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+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 

K.J. Glaser and R.L. Ehman
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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

2  Perspectives on the Development of Elastography
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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 

K.J. Glaser and R.L. Ehman



9

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

	

ϕ γr G u r0

0

0, ,t t t dt
t

t t

( ) = ( ) ⋅ ( )
′

′

=

=
′ ′ ′∫ ,

	

(2.4)

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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�Introduction

The most important clinical application of MRE 
is in the evaluation of chronic liver diseases. 
Currently MRE is the most accurate technique 
for detection and staging of liver fibrosis nonin-
vasively. Chronic liver disease is a worldwide 
problem, which has a variety of causes including 
viral, autoimmune, drug-induced, cholestatic, 
metabolic, and inherited disease [1]. In response 
to inflammation or direct toxic insult to the liver, 
zonal cellular injury forms and eventually leads 
to progressive hepatic fibrosis, which is scar tissue 
that develops progressively by an excessive pro-
duction of extracellular matrix proteins [2]. The 
end result of untreated chronic liver disease is 
fibrosis and if progressive cirrhosis. Cirrhosis 
and its associated complications carry a high risk 
of mortality. Increasing evidence has demon-
strated that, unlike cirrhosis, the early stages of 
fibrosis are treatable and reversible if appropriate 
anti-fibrotic treatment is given [3, 4]. Liver 
biopsy, the current gold standard for detection 

and staging of liver fibrosis is limited by its 
invasive nature, mild but non-negligible risk of 
life threatening complications, sampling errors, 
and inter-observer variability. As anti-fibrotic 
therapies evolve, a reliable, noninvasive and cost-
effective technique for diagnosis and follow-up 
assessment of hepatic fibrosis is needed to man-
age patients with chronic liver disease. Therefore, 
there is a need for a reliable, noninvasive method 
to assess liver fibrosis, not only to detect and 
stage the disease itself, but also to monitor treat-
ment efficacy and optimize dosing.

A number of noninvasive imaging techniques 
have been evaluated for possible use in diagnos-
ing hepatic fibrosis. Dynamic, contrast-enhanced 
MR imaging of the liver can show intensity and 
texture patterns that are associated with hepatic 
fibrosis, but these techniques are qualitative and 
may not be sufficiently sensitive in earlier stages 
of the disease [5], when it may be most advanta-
geous to institute therapy. An early study of 
magnetization transfer contrast MR imaging 
techniques has shown certain changes in the pres-
ence of hepatic fibrosis, but the specificity may 
be limited. Studies of diffusion-weighted MR 
imaging techniques have shown reduced appar-
ent diffusion coefficient values that are thought to 
represent the hydration and metabolic status of 
fibrotic liver, but the differences are relatively 
small. None of these imaging techniques have 
been shown to be sufficiently sensitive or specific 
for use as a clinical tool to detect occult yet 
significant hepatic fibrosis.
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�Elastography Techniques 
for Hepatic Fibrosis Detection 
(Transient Elastography vs. MRE)

The mechanical properties of liver tissue are 
strongly correlated with the extent of fibrosis, 
and perhaps with increased hepatic vascular 
resistance and the associated increase of portal 
venous pressure [6]. With recent advances in bio-
medical imaging, the ability to quantify in vivo 
stiffness by detecting wave propagation velocity 
through human tissue (elastography) using non-
invasive techniques like ultrasound and MRI has 
become possible. At present, there are two well-
developed noninvasive approaches to assess the 
mechanical properties of abdominal tissues 
in vivo. One is Transient Elastography (TE) [7, 
8], which can provide localized quantitative shear 
stiffness based on 1-D measurements with ultra-
sound. The other is MR Elastography (MRE), 
which is an MR-based method that uses a modi-
fied phase-contrast MRI acquisition to determine 
the tissue stiffness distribution throughout a 2-D 
or 3-D region of interest [9]. Direct comparisons 
have been performed between TE and MRE stiff-
ness measurements in phantoms/patients and 
have confirmed that there are no systematic dif-
ferences between these measurements [10–13]. 
Transient elastography marketed as FibroScan® 
(Echosens, Paris, France) is an established tech-
nique for assessing hepatic fibrosis by measuring 
liver stiffness [14]. Many trials of TE for assess-
ing hepatic fibrosis in vivo have been promising, 
in which liver stiffness appears to be a feasible 
and valid way to predict the severity of hepatic 
fibrosis for selected patients with advanced histo-
logical disease [15–20]. However, since the 
region assessed with TE encompasses a 1 × 4 cm 
cylindrical area (approximately 1/100th of the 
entire hepatic parenchyma) with a measurement 
depth between 25 and 65 mm below the skin, and 
is confined to the peripheral part of the right liver 
lobe, there is a potential for sampling errors. In 
the presence of prominent central obesity (defined 
as a body mass index > 28 kg/m2), there is a nine-
fold increased risk of technical failure with TE. 
Compared to ultrasound-based techniques for 

elasticity imaging, MR-based techniques offer 
some significant advantages including (1) a freely 
adjustable field of view, (2) no need for an acous-
tical window, (3) less sensitivity to body habitus 
such as obesity and ascites or bowel interposi-
tion, (4) the ability to obtain a conventional MR 
examination at the same time compared to the 
dedicated device used for TE, and (5) the poten-
tial to assess the entire abdomen with rapid multi-
slice or 3-D imaging methods. Over the years, 
MRE has been developed for many applications 
to quantitatively assess the viscoelastic properties 
of various soft tissues, including brain [21–23], 
breast [24–27], heart [28, 29], lung [30], muscle 
[31], liver [5], spleen [32], kidneys [33], and 
pancreas [34]. MRE is well tolerated by most 
patients and has been incorporated into a stan-
dard liver MRI study. Preliminary studies have 
shown that MRE is feasible for the assessment of 
most abdominal organs [35]. Technical innova-
tions continue to evolve in improving MRE as a 
technique for clinical applications. The most 
commonly used technique is two-dimensional 
(2D) gradient-recalled echo (GRE) based MRE. 
Since the base sequence is GRE based it is 
susceptible to signal loss due to presence of para-
magnetic substances such as iron in patients with 
liver iron overload conditions such as hemochro-
matosis, thalassaemia etc. Alternative sequences 
with modifications to overcome these limitations 
have been developed [36]. Alternatively MRE 
may be performed in these patients when liver 
iron content returns to normal, for example after 
phlebotomies in the case of hemochromatosis.

�Liver MRE Technique

The practical in vivo hepatic MRE technique for 
clinical investigations in humans is the culmina-
tion of technology development and optimization 
involving driver design (generating shear waves 
in the liver), pulse sequence design, imaging 
parameters, and inversion algorithms. The liver 
MRE technique has been well documented and 
can be implemented on a conventional MRI 
system with minimal modifications to the hardware 
and software. Several techniques for performing 
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liver MRE exist. Common to all the techniques is 
the principle of producing mechanical shear 
waves in the liver with the use of a driver applied 
closely to the liver and then imaging the propaga-
tion of these shear waves through the liver using 
modified MRI sequences. Information thus 
obtained with the sequence is used to generate 
the stiffness map of the liver.

2D GRE MRE is the most common technique 
used for performing liver MRE and available at 
several leading institutions around the world [35, 
37, 38].

�Hardware and Setup

The hardware consists of an active driver, a 
passive driver, and a plastic pipe that connects the 
active driver to the passive driver (Fig.  3.1).  
The acoustic driving system (active driver) is 
used to generate shear waves in tissue, typically 
at frequencies between 40 and 200 Hz. Acoustic 
waves have been created in targeted tissues using 
active electromechanical voice coils [39, 40, 41], 
passive rigid rod drivers [42, 43], and passive 
pneumatic drum drivers [32, 44–46]. There have 

also been a number of other application-specific 
drivers, such as a needle-based acoustic driver 
system used to study the liver tissue of small 
animal models in  vivo [47]. The passive driver 
used in several studies involves a disc like, non-
metallic passive drum driver 19 cm in diameter 
with a membrane that vibrates. It is activated with 
varying acoustic pressure conducted via a 7.6-m 
long plastic tube (PVC, polyvinyl chloride) from 
the active driver located outside the scanner room. 
Among the aforementioned designs, the passive 
pneumatic driver has several advantages. It can be 
easily applied against the body (such as against 
the thoracic and abdominal walls) in any orienta-
tion, even adjacent to the imaging coils, while 
avoiding problems with artifacts and heat buildup 
typical of electromechanical drivers.

As illustrated in Fig. 3.1, patients are usually 
imaged in the supine position with the passive 
driver placed against the anterior body wall over 
the right lobe of the liver on the chest wall below 
the breast, held in place with an elastic band 
around the body. The placement of the passive 
driver can be standardized by using xiphisternum 
as the landmark for placing the center of the 
driver and mid clavicular line for placing over the 

Fig. 3.1  System for applying shear waves to the abdomen for MR Elastography of the liver. All the add-on hardware 
elements are listed in the top row. Acoustic pressure waves (at 60 Hz) are generated by an active driver, located away 
from the magnetic field of the MRI unit, and transmitted via a flexible conductive tube to a passive driver placed over the 
anterior body wall. The left bottom diagram illustrates the location of the passive driver with respect to the liver in a coro-
nal sketch. The right bottom diagram is an overview of the liver MRE examination setup
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right lobe of the liver. Continuous longitudinal 
vibrations at 60  Hz are generated by varying 
acoustic pressure waves transmitted from an 
active driver device via a PVC conductive tube.

�Software (Pulse Sequence)

The measurement of motion with MR in medical 
applications has been motivated significantly by 
the desire for blood flow quantification and vas-
cular system imaging [48]. In the 1990s, mea-
surement of tissue mechanical properties using 
MR methods was demonstrated [9, 49]. MRE 
uses a modified phase-contrast imaging sequence 
to detect propagating shear waves within the tis-
sue of interest. Depending on the specific appli-
cation, the MRE sequence uses a conventional 
MR imaging sequence [e.g., GRE, spin echo 
(SE), balanced steady-state free precession 
(bSSFP), or echo planar imaging (EPI)] with the 
inclusion of additional motion-encoding gradi-
ents (MEGs), which allow shear waves with 
amplitudes in the micron range to be readily 
imaged [9, 49–55]. The MEGs are imposed along 

a specific direction and switched in polarity at an 
adjustable frequency. Trigger pulses synchronize 
the imaging sequence with the driving system to 
induce shear waves in the tissue, usually at the 
same frequency as the MEGs. In the received MR 
signal, a measurable phase shift caused by the 
cyclic motion of the spins in the presence of these 
MEGs can be used to calculate the displacement 
at each voxel, which provides a snapshot of the 
mechanical waves propagating within the tissue. 
By adjusting the phase offset between the 
mechanical excitation and the oscillating MEGs, 
wave images can be obtained for various time 
points of the vibration. Four phase offsets evenly 
spaced over 1 cycle of the motion are obtained in 
most experiments. This allows for the extraction 
of the harmonic component of the phase data at 
the driving frequency, giving the amplitude and 
the phase of the harmonic displacement at each 
point in space, which is the input to most MRE 
inversion algorithms.

A typical 2-D GRE MRE sequence (as shown 
in Fig. 3.2) has the following parameters (more 
in Table 3.1): 60 Hz continuous sinusoidal vibra-
tion, FOV = 30-42  cm, matrix = 256 × 64, flip 

Fig. 3.2  2D GRE MRE sequence. This sequence is a conventional gradient echo sequence with an additional 
motion-encoding gradient (MEG) applied along the slice selection direction to detect cyclic motion in the through-
plane direction. Sequence provides options to select other motion-encoding directions. The MEG is designed to 
minimize zeroth and first gradient moments. The MEG and the acoustic driver are synchronized using trigger pulses 
provided by the imager. The phase offset (θ) between the two can be adjusted to acquire wave images at different 
phases of the cyclic motion
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angle = 30°, slice thickness = 10 mm, number of 
slices = 4, TR/TE = 50/20  ms, parallel imaging 
factor = 2, 4 evenly spaced phase offsets, and 1 
pair of 60 Hz trapezoidal MEGs with zeroth and 
first moment nulling along the through-plane 
direction. Two spatial presaturation bands are 
applied on each side of the selected slice to 
reduce motion artifacts from blood flow. The 
total acquisition time is less than a minute, split 
into 4 breath holds.

Several artifact reduction strategies are used to 
maintain high image quality. In order to obtain a 
consistent position of the liver and establish more 
reproducible breath-hold positions for each sus-
pended respiration, subjects are asked to hold their 
breath at the end of expiration. Breath-hold tech-
nique scan time is shorter than would likely be 

achieved with a respiratory gated sequence [39]. 
In the application of MRE with passive drivers, 
bulk motion can induce signal loss, ghosting, and 
unwanted phase accumulation, as shown in the 
first row of Fig. 3.3. However, we want spins to 
accrue phase from applied sinusoidal motion only. 
In order to separate these two sources of phase 
accumulation, Gradient Moment Nulling (GMN) 
can be applied to the motion sensitizing gradient 
waveform. It is well known that so called 1-2-1 
(pulse widths of the first and last lobe are half of 
the central lobe) gradient pulses inherently have 
their 0th and 1st moments nulled. By definition, 
moments are a linear operation. Therefore, multi-
ple 1-2-1 pulses can be superimposed on each 
other to yield longer trains of GMN pulses. As 
shown in Fig.  3.2, one pair of bipolar motion 
sensitizing gradients with GMN had their 0th 
and 1st moments nulled without changing the 
sensitivity to the desired sinusoidal shear motions. 
Additionally, nulling the 1st moment of the motion 
sensitizing gradient waveform does not require the 
entire sequence to have its 1st moment nulled. 
Therefore, as shown in the second row of Fig. 3.3, 
this reshaping of the motion sensitizing gradient 
waveforms to null the 1st moment reduces their 
susceptibly to bulk motion without increasing the 
echo time or reducing sensitivity to cyclic motion. 
Spatial presaturation bands were placed in above 
and below the liver to saturate possible incoming 
blood signal from descending aorta and inferior 
vena cava as shown in the third row of Fig. 3.3.

�Intra-Voxel Phase Dispersion

The MEG gradients generate a phase accumula-
tion within an isochromat. In areas of large dis-
placements near the motion source, the phase 
across an isochromat can begin to disperse. This 
process is illustrated in Fig. 3.4. The signal drop-
out can be partially ameliorated by increasing the 
sampling resolution at the cost of increased 
breath-hold time. Alternatively, the driver ampli-
tude can be reduced. However this decreases 
wave penetration and the phase-to-noise ratio. 
Some signal dropout is an acceptable trade-off to 

Table 3.1  Imaging parameters of a GRE–MRE sequence 
in liver MRE application

Parameters Typical values

Magnetic field strength 1.5T
Patient body habitus Supine/feet first
Orientation Axial
Field of view (FOV) 30 ~ 42 cm 

(Patient-specific)
Fractional phase FOV 0.7–1.0 (Patient-specific)
In-plane resolution 256 × 64
Frequency direction R/L
TR/TE 50/20
Slice thickness 10 mm
Number of slices 4
Flip angle/number of  
echoes/ETL

30/1/1

NEX/number of shots 1/0
ASSET acceleration factor 2
Active driver (resoundant 
system) frequency

60 Hz

Active driver (resoundant 
system) power

50 % power

MEG frequency/period 60 Hz/16.7 ms
Number of MEG  
gradient pairs

1

MEG amplitude 1.76 Gauss/cm (Machine 
dependent)

MEG direction slice direction
Number of phase offsets 4
Acquisition time 54 s or less (four 

breath-hold)
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provide sufficient wave penetration into the liver. 
It is important to exclude these areas of signal 
void from analysis of liver stiffness.

�Alternate Pulse Sequences

Other MRE sequences are available for evalua-
tion of liver stiffness. EPI based Elastography 
sequences offer significant increases in speed of 
acquisition over GRE sequences. In multi-slice 
applications a spin echo implementation, shown 
in Fig.  3.5, can efficiently sample data for an 
Elastography study. Patients who have high iron 

concentration in their liver tissue, which leads to 
severely, shortened T2*, can be problematic at 
1.5 and 3.0 T because it produces poor MR sig-
nal in the liver with GRE MRE sequence. Valid 
stiffness measurements may not be obtained due 
to the extremely low SNR.  Since the signal in 
SE-EPI sequences experience T2 decay instead 
of the faster T2* decay, SE-EPI sequences may 
be an option for patients with high concentra-
tions of iron.

To make the signal further less sensitive to the 
reduced T2*, which can be as low as ~1.3 ms in 
iron overloaded liver, a short-TE spin echo and 
spin echo EPI pulse sequence have been 

Fig. 3.3  Gradient echo MR elastography with gradient moment nulling and presaturation. This experiment demonstrated 
that bulk motion can contaminate both the magnitude and wave images and lead to unreliable shear stiffness, as shown in 
the upper row. The middle row illustrates results implemented with gradient moment nulling. Obviously, the bulk motion 
was mostly removed from the wave images. To further clean up the motion artifacts from blood flow, presaturation was 
implemented as well to improve the MRE wave image quality as shown in the bottom row
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Fig. 3.4  Magnetization vectors (blue arrows) in the rotating reference frame for a spin isochromat on resonance during 
application of MRE pulse. (a) Depicts the signal in the complex plane of spins within a voxel not experiencing the 
effects of motion. As motion increases, the spins begin to dephase (b). Complete signal loss can occur in areas of high 
motion and the resulting high phase accumulation (c–e) (color figure online)

Fig. 3.5  Spin Echo EPI (SE-EPI) pulse sequence. Due to chemical shift artifacts, spatial-spectral pulses are used to 
generate the initial 90° RF pulse (a). Magnitude and wave images obtained at 3T from a GRE sequence (b) and the 
SE-EPI sequence (c) show increased signal and better wave depiction obtained with the EPI sequence. Susceptibility 
artifacts associated with EPI based sequences are not a problem in the liver application

3  Liver Magnetic Resonance Elastography Technique



26

developed and evaluated [56, 57]. The spin echo 
sequence modification includes fractional MEGs, 
crusher gradient removal, and split-unipolar 
MEGs of 2 ms duration positioned on either side 
of the 180° RF pulse. With these developments, 
the TE of the sequence could be reduced to 
10  ms, and a schematic representation of this 
sequence is shown in the middle row of Fig. 3.6. 
In addition to the SE MRE sequence, a spin echo 
EPI pulse sequence was also developed allowing 
for faster imaging with modifications similar to 
the SE MRE pulse sequence. The advantages and 
disadvantages of EPI-specific parameters includ-
ing the number of shots and the effective TE were 
optimized for liver MRE specifically. To achieve 
the low TE value, chemical presaturation pulses 
were used instead of a spatial-spectral RF pulse 
for fat suppression. A schematic of this pulse 
sequence is shown in the bottom row of Fig. 3.6. 

Preliminary evaluation of these techniques on 
both normal volunteers and patients with known 
iron overloaded liver is very promising [36]. In 
normal livers, all three sequences provided 
comparable shear stiffness measurements. In 
patients, the significant increase of the liver 
parenchyma signals and high confidence of the 
calculated stiffness values can be appreciated 
from SE and SE-EPI MRE sequences.

STEAM based sequences, seen in Fig. 3.7, are 
also an option and have been successfully used in 
cardiac imaging [58, 59]. Most implementations 
use non-selective hard pulses for the first two RF 
pulses. This requires a long TR for the signal to 
recover. However, STEAM Elastography pulse 
sequences can be efficient in TE. The MEG gra-
dients do not need to be turned on over and entire 
motion cycle. They can be split and turned on 
only during a small fraction of the motion cycle.

Fig. 3.6  The three pulse sequences and the corresponding MRE data in a patient with iron overload. The GRE technique 
(top row) failed, but the SE (middle row) and EPI (bottom row) acquisitions provided valid elastograms

M. Yin et al.



27

�Slice Selection Criteria for 2-D  
Liver MRE Acquisition

The MRE visualization of the full 3-D vector 
displacement field within the liver produced by 
the passive drivers has proven to offer insights 
and improvements in both experimental design 
and 2-D imaging plane selection for in vivo MRE 
applications [59, 60]. When the results of the 3-D 
liver MRE acquisition and inversions were used 
as “ground truth,” 2-D imaging in the “widest” 
cross-section of the liver consistently yielded 
inversion results that were comparable to those 
obtained with the much more time consuming 
3-D imaging approach [61]. These studies 
showed that in a large portion of the liver, the 
propagation direction of shear waves is approxi-
mately parallel with the transverse imaging plane 
when using a pressure-activated passive driver on 
the anterior chest wall. This allows accurate elas-
tograms to be generated from 2-D wave image 
data (which can be acquired in one breath-hold), 
rather than 3-D wave imaging, which requires 
longer acquisition times and more complex mea-
sures to address respiratory motion. With the 
acoustic driver system, the 2-D wave approxima-
tion is generally valid in the axial imaging planes 
distanced 2–10  cm away from the superior 
margin of the liver, assuming the liver has average 

vertical height of 15  cm. It corresponds to a 
region across the widest part of the liver as shown 
in Fig. 3.8. In other marginal levels/regions where 
the 2-D planar wave model may frequently break 
down due to special boundary conditions, the 
shear waves usually traverse obliquely through 
the plane of interest and may result in erroneous 
stiffness values.

�Software (Inversion Algorithms)

Dynamic MRE uses propagating mechanical 
shear waves rather than a static stress as a means 
to study tissue elasticity. This provides an impor-
tant advantage for calculating elasticity in that 
dynamic MRE does not require the estimation of 
the regional static stress distribution either inside 
or on the boundaries of the tissue. The acquired 
wave images are processed using an inversion 
algorithm to generate quantitative images that 
depict tissue stiffness, called elastograms. Many 
different inversion algorithms have been developed 
to process MRE wave data based on different 
assumptions about the nature of the wave propa-
gation. Pre-processing algorithms for the wave 
data include phase unwrapping, removal of con-
comitant gradient field effects, and directional 
filtering [62] to enhance the accuracy of the 
elastograms. Additional pre-processing generates 

Fig. 3.7  STEAM sequences 
inherently split the signal 
pathways so that only half of the 
signal is available to sample. The 
advantage is that T2 decay only 
occurs during the TE1 and TE2 
periods. During the TM period, 
spins not originating with the 
first RF can be spoiled with the 
Gs gradient. Spins following the 
STEAM pathway will be in the 
longitudinal plane and will not be 
affected by the Gs gradient or T2 
decay. The MEG gradients are 
still synchronized to the applied 
motion however the spins spend 
much less time in the transverse 
plan experiencing T2 decay
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a Background Phase Estimate (BPE) that includes 
the longitudinal waves, which can be removed to 
provide the shear wave signal. The inversion algo-
rithms produce stiffness maps using one of the 
following: measures of the phase gradient or spa-
tial frequency content, direct inversions of the dif-
ferential equations of motion, or iterative methods 
involving finite element models [63–67].

The process of generating a stiffness map is 
achieved by using the MRE displacement data in 
sliding windows to perform a direct inversion (DI) 
of the differential equation modeling the wave prop-
agation. A second-order or fourth-order polynomial 
is fit to the data depending on fit quality. The corre-
lation coefficient (R2) for the fit is recorded for the 
center pixel of each window. This results in a confi-
dence map with values between 0 and 1, the latter 
representing high confidence and good signal-
to-noise ratio (SNR) [67, 68]. The phase difference 
wave data obtained from MRE may include the 
effects of both shear and longitudinal waves. Prior 
to processing with DI inversion algorithm, an 
8-direction motion filters [62] evenly spaced 
between 0° and 360° and combined in a weighted 
least-square method to improve the performance of 
the algorithm are applied, since complex interference 
of shear waves from all directions may produce 
areas with low shear displacement amplitude.  
A BPE is removed from each of the eight 

directionally filtered data sets. A DI algorithm is 
then used to estimate the stiffness using the shear 
wave estimate obtained with each region. SNR map 
is also obtained using both the magnitude and phase 
images obtained during the scan. Assuming a con-
stant signal, the magnitude SNR is calculated over a 
small processing kernel from all the phase offsets. 
As shown in Fig. 3.9, the phase SNR is obtained 

with:
  
SNR shearwave SNRphase mag= ( )-| | / sin .2 1

Reliability of the liver stiffness measurement at 
each voxel is then determined by the confidence 
values from SNR maps.

All of these steps in processing are done auto-
matically, without human intervention, to yield 
quantitative images of tissue shear stiffness, in 
units of kilopascals (kPa). We have used the des-
ignation “shear stiffness,” rather than “shear 
modulus” to indicate that the measurements are 
effective stiffness values at the driving fre-
quency, and may include a viscous component, 
although this is likely to be small at the low 
driving frequency used.

The stiffness maps (elastograms) thus 
generated include the entire cross-section of the 
abdomen including the liver and other abdominal 
organs. Stiffness values can be obtained by plac-
ing regions of interest (ROI) on any organ 
included in that section.

Fig. 3.8  Schematic illustrations of the hepatic MRE setup (with passive driver position indicated) and shear wave 
generation mechanism (diaphragm act as a secondary driver). Favorable 2-D Liver MRE slice selection locations 
are indicated in the coronal simulation shown on the right. This was validated in a human study with sagittal imag-
ing locations (motion sensitizing direction is S/I)
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�Analysis of Stiffness Maps  
(ROI Placement for Stiffness 
Measurement)

The elastograms are analyzed by measuring 
mean shear stiffness within a large, manually 
specified region of interest that includes hepatic 
parenchyma, while excluding major blood ves-
sels, such as hepatic veins, main portal veins, and 
branches that have width greater than 6 pixels 
(about 8 mm); liver fissures, gall bladder fossa, 
and edge of the liver. 2-D liver elastograms are 
usually calculated based on the assumption of a 
2-D planar shear wave field described previously. 
Ideally, the entire liver parenchyma should be 
evenly illuminated by planar shear waves with 
adequate amplitude. However, in practice, the 
shear waves can be quickly attenuated in the deep 
structure of the liver; or appear separated in dif-
ferent regions of the liver due to destructive/con-
structive wave interference at intersections. 
Therefore, not all hepatic tissue in the final liver 
stiffness map is measurable. Regions without 
adequate magnitude signal or shear wave ampli-
tude, which will be identified with the confidence 
map (as shown in Fig. 3.10), can result in errone-
ous stiffness value. It is crucial to obtain accurate 
mean liver stiffness values with appropriate 

placement of the ROI. Analysis of the liver elas-
togram should be performed with all original 
magnitude, phase difference (wave) images, and 
automatically calculated confidence maps 
(Fig. 3.10) to ensure that the calculated liver stiff-
ness is reliable.

Due to the complexity of selecting an artifact-
free ROI in MRE and the subjectivity of evaluat-
ing the wave interference, the hepatic stiffness 
values calculated by multiple analysts from the 
same set of images can differ. Tools which reduce 
inter- and intra-reader variability (e.g., the confi-
dence map) are vital to the standardization of 
MRE measurements. Their development is made 
complicated, however, by the motion artifact in 
the images, the respiratory mismatch across 
slices and phase offsets, as well as the low con-
trast, which are all common in MRE.

An algorithm which calculates stiffness in 
a fully automated manner is presented in [68]. 
It has been cross validated to perform as reli-
ably and accurately as well-trained MRE image 
analysts under typical imaging conditions and is 
undergoing prospective evaluation. Unlike manual 
analysis, which often results in smaller ROIs rep-
resentative of the liver being selected, the auto-
mated tool aims to include all reliable parenchyma 
(Fig. 3.11) which leads to better sampling and pro-
vides the potential for more sophisticated analysis 
than global stiffness averaging. For these reasons, 
it can offer significant advantages over manual 
techniques for reading MRE cases in terms of effi-
ciency, repeatability, and reproducibility.

Customized image analysis software (MRE_
Quant software) for dedicated analysis of the 
liver MRE and reporting is also available. The 
ROI drawing steps and criteria are listed as fol-
lows and illustrated in Fig. 3.12 as well.
	(1)	 Open the software, load all MRE data, 

including both magnitude and wave images. 
The corresponding elastograms and confi-
dence maps (i.e., SNR maps) will be auto-
matically calculated before analysis.

	(2)	 If it is a longitudinal study, load other images 
acquired at different time points by opening 
a series of separate windows. Use the MRE 
magnitude image at the first time point as 
the reference and register other time point 
images to it.

Fig. 3.9  Assuming that the MR signal has normally dis-
tributed noise in the complex plane, the phase SNR is 
obtained as a function of arc sin (1/magnitude SNR) and 
shear wave amplitude. The value is divided by 2, since we 

gain two factors of 2 . One 2  is due to the noise vec-
tor being at an arbitrary angle to the signal vector and 

another 2  is from sampling two phase images with 
opposite gradient polarity and taking their difference (thus 
adding their signals)
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	(3)	 On the MRE images, draw and modify a 
closed, connected ROI contour in the liver 
region, about several pixels away from the 
liver boundary, excluding vessels and non-
hepatic tissues, and avoiding regions of 
severe wave interferences. The software 
will automatically accept only those points 
within the ROI that also have confidence 
values above a specific threshold (e.g., 
0.95 as a default threshold). Points with 
confidence values below this threshold will 
be masked with a checkerboard pattern in 
the elastogram.

	(4)	 Repeat step (3) for other slices or other time 
point data in a similar way.

	(5)	 Save every individual ROIs and/or intersec-
tion ROIs (for longitudinal study). Based on 
well-defined and saved ROIs, enable the 

statistical analysis function to report liver 
stiffness measurements and related statistics 
(mean, standard deviation, mode, histogram, 
etc.) in an output Excel file. A Microsoft 
Office PowerPoint (PPT) file, containing all 
MRE images/animations and liver stiffness 
measurements, can also be created to facili-
tate a quick reference in the future.

�Placing ROIs and Avoiding Errors

Some important considerations are needed when 
placing ROIs for the measurement of liver stiff-
ness in clinical application of 2-D Liver 
MRE. First of all, non-hepatic tissue, such as fis-
sures, gall bladder fossa, vessels etc., should be 
excluded as show in Fig. 3.13.

Fig. 3.10  Typical set of images obtained with 2D GRE MRE sequence for a single slice. Magnitude image (a), 
color phase wave image (b), the gray scale stiffness map (c) on which measurements are obtained, color stiffness 
map with 0–8 kPa color scale (d), stiffness map with confidence map superimposed (e), and color stiffness map 
with 0–20 kPa color scale (f). The stiffness values are obtained on the gray scale stiffness map. Typically on multi-
monitor or multi-layout workstations ROIs can be first drawn on any of these images and copy pasted onto others. 
Other set of images including gray scale phase image, stiffness map with confidence map superimposed on 
0–20 kpa color scale are not illustrated here
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Ideally, the entire liver parenchyma should be 
analyzed with MRE technique. However, extra care 
must be taken to address the limitations of 2-D 
MRE wave imaging and processing method. Non-
planar shear waves, such as wave interference (can-
cellation “−” or prolongation “+”) and obliquity, 
should be excluded as shown in Fig. 3.14.

�Preparing for a Liver MRE Study

Food intake is known to cause an increase in 
mesenteric blood flow, which may lead to a post-
prandial increase in hepatic stiffness that is 

different in patients with hepatic fibrosis than in 
normal volunteers [69]. It has been observed that 
MRE-assessed liver stiffness increases signifi-
cantly (ranges from 5 up to 48  %) following a 
test meal in patients with advanced hepatic fibro-
sis, whereas no significant changes occur in a 
healthy normal individuals [69]. This finding 
suggests that there is a dynamic component to 
the liver stiffness that is dependent on the 
increased perfusion. Therefore, it is very impor-
tant to have hepatic MRE examinations per-
formed consistently in a fasting state. The 
postprandial augmentation in hepatic stiffness 
after a test meal known to increase mesenteric 

Fig. 3.11  The interfaces and outputs of the Liver MRE analysis software MRE/ROI. (a) The left interface image illus-
trates the procedure of placing and editing a ROI on a single hepatic MRE data set. The deep structure of hepatic tissues 
was excluded due to insufficient wave amplitude (nearly invisible from appearance). The right interface image shows a 
series of longitudinal studies (four time points) with magnitude images (top row), wave images (central row), and con-
fidence maps (bottom row). Reliable regions include hepatic tissues illuminated with visible planar waves and high 
confidence values. In order to minimize the subjectivity, investigators are blinded to the elastograms during ROI draw-
ing. (b) An output Microsoft Office PowerPoint file to demonstrate hepatic MRE images, defined ROIs and liver stiff-
ness measurements. The ROI selected in the top row case illustrates the criteria of excluding non-hepatic tissue, while 
the bottom ROI shows the criteria of excluding an intersection region with destructive wave interference
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blood flow is likely due to the transiently 
increased portal pressure in patients with hepatic 
fibrosis. It is thought that mechanical distortion 
of the intrahepatic vasculature caused by fibrosis 
impairs the autoregulatory mechanism for the 

portal venous pressure, which may cause accel-
eration of the development of portal systemic 
varies and stretching of hepatic parenchyma and 
stellate cells that are instrumental in the progression 
of hepatic fibrosis. This promising observation 

Fig. 3.12  Representative ROIs generated by an experienced clinical MRE analyst (top row) and by the automated 
method (bottom row) are shown. Both approaches use the magnitude, wave, and stiffness information to select an 
artifact-free region of liver parenchyma. The automated method typically provides a more thorough sampling by 
including all reliable tissue. The checkerboard represents areas excluded from the manual ROI due to low values 
of the confidence map which is related to SNR
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Fig. 3.13  Illustration of a criterion of exclusion of non-hepatic tissue for liver stiffness measurements. A case in top 
row: low stiffness areas corresponding to fissures; A case in middle row: a low stiffness area corresponding to gall blad-
der fossa; A case in bottom row: low stiffness areas corresponding to vessels in cirrhotic liver

3  Liver Magnetic Resonance Elastography Technique



Fig. 3.14  Illustration of the criteria of exclusion of wave interference and obliquity for liver stiffness measurements in 
2-D wave data. A case in top row: wave interference resulting in subtraction “−” effect leading to low stiffness areas; A 
case in middle row: wave interference resulting in addition “+” effect leading to higher stiffness areas ; A case in bottom 
row: Normal liver showing wave obliquity effect in posterior part of the liver resulting in higher stiffness values in 
elastogram
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provides motivation for further studies to determine 
the potential value of assessing postprandial 
hepatic stiffness augmentation for predicting 
progression of fibrotic disease and the develop-
ment of portal varices. It may also provide new 
insights into the natural history and pathophysi-
ology of chronic liver disease.

�Conclusion

Numerous studies have shown that it is readily 
possible to perform MRE of Liver. Motivated by 
the results of the pilot volunteer and patient stud-
ies [39, 43, 44], multiple investigators have stud-
ied the diagnostic ability of liver MRE for 
detecting hepatic fibrosis in patients with chronic 
liver disease from various etiologies [43, 45, 70–72]. 
The results from these studies have established 
that liver MRE has excellent diagnostic accuracy 
for assessing hepatic fibrosis, which will be dis-
cussed in Chap. 4. Motivated by the successful 
implementation of MRE for the study of diffuse 
changes in hepatic stiffness due to fibrosis, studies 
has been conducted to evaluate the potential role 
of MRE in characterizing hepatic tumors, which 
will be discussed in Chap. 5.
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           Introduction 

 Magnetic resonance elastography (MRE) of liver 
was fi rst applied for clinical use in 2007 at the 
Mayo Clinic, Rochester, MN, USA [ 1 ]. Since its 
introduction, MRE has proven to be useful in the 
evaluation of chronic liver diseases (CLD) and 
the technique is now available at more than 100 
centers around the world. 

 Untreated CLD regardless of etiology results in 
liver fi brosis and if progressive leads to  cirrhosis 
and organ failure. Liver fi brosis progression is an 
important prognostic factor in the management of 
CLD [ 2 ,  3 ]. Early detection and accurate staging 
of the liver fi brosis is important as effective treat-
ment is now available that may prevent fi brosis 
progression and even result in regression of fi bro-
sis [ 3 ,  4 ]. The traditional approach for diagnosis of 
liver fi brosis includes clinical examination, labo-
ratory tests, conventional imaging, and liver 
biopsy. Clinical examination although very valu-
able in the later stages of the disease is not a sensi-
tive method to detect early fi brosis. 

 Liver biopsy (LB) is considered the gold stan-
dard for liver fi brosis. However, it is invasive and 
associated with post procedure pain and discom-

fort in nearly one-third of patients [ 5 ]. Biopsy is 
associated with complications such as signifi cant 
hemorrhage in 0.3 % and carries a 0.01 % risk of 
death from the procedure [ 6 ]. All these risk fac-
tors may result in refusal of LB by patients [ 7 ,  8 ]. 
Approximately 1/50,000 part of liver is obtained 
with LB for histological evaluation and therefore 
prone for sampling errors [ 9 ,  10 ]. In addition, 
histological staging of the liver fi brosis is qualita-
tive with high intra and inter-observer variability 
[ 9 ,  11 ,  12 ]. Therefore LB is not an ideal method 
to evaluate liver fi brosis especially if multiple 
serial evaluations are to be performed. However 
LB is still useful for confi rmation of diagnosis, 
assessment of severity of necroinfl ammation, and 
to evaluate possible coexistent disease processes 
which are not possible with currently available 
non-invasive techniques. 

 Non-invasive techniques for assessment of 
liver fi brosis are preferred over LB. Serum mark-
ers and composite scores although easy to per-
form are not accurate enough for differentiating 
early stages of fi brosis [ 13 – 15 ]. Similarly, ele-
vated serum liver enzymes and other laboratory 
tests for liver function are not sensitive to detect 
early fi brosis [ 16 ]. Conventional imaging tech-
niques including ultrasound (US), computed 
tomography (CT), and magnetic resonance imag-
ing (MRI) can demonstrate changes in liver sur-
face, alterations in liver parenchyma texture, and 
volumetric changes that are characteristic of 
cirrhosis. However these signs are not sensitive 
and are usually seen only in advanced fi brosis 
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and cirrhosis and therefore not reliable for 
diagnosis of early or mild fi brosis [ 17 – 19 ]. 

 Elastography techniques are now available for 
assessment of CLD. Transient elastography (TE) 
is the most widely used ultrasound based elastog-
raphy technique. However TE has a high failure 
rate especially in obese subjects. Experience with 
other ultrasound based elastography techniques 
is still evolving. 

 MRE is probably the most accurate non- 
invasive technique available for detection and 
staging of liver fi brosis [ 20 – 25 ] and performs 
better than serum tests [ 22 ,  24 ,  25 ] and TE [ 22 ]. 
MRE is reliable with excellent repeatability, 
reproducibility, and near perfect inter-observer 
agreement. Therefore, MRE can serve as a 
powerful non-invasive clinical tool for detection 

and stratifi cation of liver fi brosis, and potentially 
replace liver biopsy. In this chapter, clinical 
application of MRE in the evaluation of CLD and 
liver fi brosis will be described.  

    Performing a Clinical Liver MRE 

 MRE of the liver can be performed in most clini-
cal subjects including those who are obese sub-
jects (Fig.  4.1 ), transplant recipients, as well as in 
children [ 26 ]. MRE can be performed on both 
1.5T and 3T clinical scanners. No special prepara-
tion is required except for 4–6 h fasting similar to 
a typical liver MRI study. During follow-up assess-
ment it is important to perform MRE under fasting 
condition for valid comparisons. MRE may be 

  Fig. 4.1    MRE of liver can be performed in most clinical patients and of variable size. Anatomical MR image, wave 
image, and stiffness maps of three subjects ( each row ) with different body mass indices and normal liver. Note excellent 
propagation of shear waves in the liver in all three subjects and similar stiffness values of the livers       
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performed before or after administration of intra-
venous contrast agents such as gadolinium-
DTPA and Gd-EOB-DTPA (Gadoxetate) without 
any signifi cant infl uence on measured stiffness 
[ 27 ,  28 ]. MRE derived liver stiffness has excellent 
reproducibility and repeatability [ 29 ,  30 ]. The 
most common clinical technique is to perform 
MRE of liver at 60 Hz with four 10 mm slices 
through the largest cross- section of the liver. For 
more details on technique please see Chap.   3    .

       Measurement of Liver Stiffness 

 Stiffness of the liver can be quantifi ed by drawing 
regions of interest (ROI) on the stiffness maps 
generated automatically on the scanner. Stiffness 
maps show spatial distribution of tissue stiffness 
across the cross-section. When drawing ROI, 
care must be taken to avoid large vessels, liver 
edge, fi ssures, gall bladder fossa, and regions of 
wave interference to obtain reliable stiffness 
values. Larger geographical ROI drawn over 
multiple slices is encouraged to ensure more 
volume of liver being sampled. The mean stiffness 
is reported in kilopascals (kPa). Liver stiffness 
with MRE is reproducible with high inter-
observer agreement (>95 %) [ 29 ,  31 – 33 ]. Recently 
a study showed that the inter-observer agreement 
for MRE readers for liver stiffness was signifi -
cantly better than that between pathologists stag-
ing liver fi brosis (0.99 vs. 0.91,  p  < 0.001) [ 34 ].  

    Normal Liver 

 Normal liver parenchyma (Fig.  4.2 ) is composed 
of hepatocytes, sinusoidal cells (endothelial cells, 
Kupffer cells, and other cells in space of Disse), 
sinusoidal spaces, and extracellular space of 
Disse. Hepatocytes account for nearly 65 % of 
the cells in the liver [ 35 ,  36 ]. The liver paren-
chyma is enclosed in a thin connective tissue 
layer (Glisson’s capsule). The extracellular 
matrix (ECM) provides the architectural support 
and necessary scaffolding and is predominantly 
present in the space of Disse as basement mem-
brane and around the portal areas, large vessels, 
and the capsule as interstitial matrix (connective 
tissue stroma). The ECM is composed mainly of 
collagen, glycoproteins, and proteoglycans [ 37 ]. 
The collagen content (mainly collagen Type I and 
III) in normal liver is very little, usually <1 % and 
is approximately 2–8 mg/g wet weight whereas 
in fi brotic liver this increases to several fold to the 
order of 30 mg/g wet weight or more [ 38 ,  39 ]. 
The blood in the sinusoids and vessels accounts 
for nearly 25–30 % of liver volume [ 40 ]. Liver 
has a dual blood supply: 70–80 % from the portal 
vein and 20–30 % from the hepatic artery. The 
sinusoids are supplied by portal venules and 
drain into central venules and hepatic veins into 
the inferior vena cava. The pressures in normal 
portal vein, portal venules, central venules, 
hepatic veins, and inferior vena cava are 5–10, 

  Fig. 4.2    Histology of normal liver ( a ) and cirrhotic liver ( b ) with Masson-Trichrome stain to highlight fi brosis. The 
fi brotic tissue (collagen) is  stained blue . Normal liver has minimal fi brotic tissue around the portal tracts. Cirrhosis is 
characterized by multiple nodules of varying size encapsulated with fi brotic bands of variable size. (Images provided 
by Professor Aileen Wee, Pathology, National University of Singapore)       
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4–5, 1–3, <5, and −5 to 5 mmHg respectively 
[ 41 – 43 ]. The arterial blood enters the sinusoids at 
9–18 mmHg pressure [ 44 ]. Blood fl ow through 
the liver is high volume (1–1.5 L/min) across a 
low resistance system due to large cross-sectional 
area of the sinusoids resulting in a low pressure 
perfusion system [ 45 – 48 ]. Due to this, liver is 
extremely compliant. If the portal blood fl ow is 
doubled, the portal pressure in normal liver only 
increases by approximately 2 mmHg by passive 
decrease in resistance [ 47 ,  48 ]. Normal liver 
therefore is a soft organ as it has very little 
fi brous tissue and a low pressure blood circula-
tion system.

       Normal Liver Stiffness 

 Normal liver is soft and has a mean stiffness 
value of 2.05–2.44 kPa and ranges from 1.54 to 
2.87 kPa [ 20 ,  49 – 53 ]. The range of normal liver 
stiffness reported by different research groups 
may be infl uenced by the age, sex, body mass 
index (BMI), diet, and ethnicity of the subject pop-
ulations studied, however no defi nite  correlations 
are established. A few early studies have demon-
strated that there is no signifi cant correlation 
between liver stiffness and age, sex and BMI [ 49 , 
 50 ], however, need to be verifi ed in a larger study 
population comprising of healthy normal sub-
jects. Normal liver stiffness does not show any 
signifi cant diurnal variation or affected by a meal 
challenge [ 29 ,  30 ,  54 ] as it can easily accommo-
date the increased post prandial portal fl ow as 
explained in previous section. Fatty change or 
simple steatosis without any infl ammation also 
does not signifi cantly infl uence measured stiff-
ness and is similar to normal liver [ 20 ,  49 ,  50 ].  

    CLD and Liver Fibrosis 

 CLD can result from many etiologies including 
viral hepatitis, excessive alcohol consumption, 
non-alcoholic steatohepatitis, drug toxicity, and 
chronic passive congestion due to right heart fail-
ure. Chronic injury to the liver parenchyma leads 
to necrosis and hepatocyte loss and heals by 

fi brosis-laying of ECM. Liver fi brosis results in 
both quantitative and qualitative changes in the 
collagenous and non-collagenous components of 
the ECM [ 55 ]. The source of ECM changes in 
fi brotic liver can be hepatic stellate cells (HSC), 
fi broblasts and myofi broblasts of the portal tract, 
smooth muscle cells localized in vessel walls, 
and myofi broblasts localized around the centrol-
obular vein. Activation of these sources depends 
on etiology and initial site of liver injury. These 
changes involve portal tracts, central veins and 
sinusoids as well as hepatocytes. The perisinusoi-
dal basement like matrix changes to interstitial 
type matrix containing fi bril forming collagens. 
The collagen content of fi brotic liver is signifi -
cantly higher than normal liver (three–tenfold or 
more). All of these contribute to mechanical and 
physical changes in the liver [ 55 ]. 

 Different etiology produce different spatial pat-
terns of fi brosis and very variable even among 
patients with same etiology [ 55 ]. For example, 
chronic viral hepatitis is characterized by interface 
hepatitis and development of portal to portal septa, 
portal-central septa, and septa ending blind in 
parenchyma; biliary cirrhosis tends to cause por-
tal-portal bridging with preservation of central 
vein until later stages; non-alcoholic steatohepati-
tis (NASH), alcohol, and other metabolic diseases 
are characterized by perisinusoidal deposition of 
fi brillar matrix and around the hepatocytes known 
as chicken wire pattern [ 55 ,  56 ]. Typically CLDs 
result in inhomogeneous distribution of changes of 
infl ammation and fi brosis. 

 Liver fi brosis is a dynamic process of accu-
mulation of excessive fi brous tissue associated 
with degradation and remodeling in a balanced 
process [ 57 ]. When accumulation of fi brosis 
exceeds degradation, cirrhosis results sooner or 
later, characterized by formation of regenerative 
nodules encapsulated by fi brous tissue septa 
(Fig.  4.2 ) and associated changes in vascular 
architecture [ 56 ]. The progression of liver fi bro-
sis in CLD is usually slow over several years 
and can increase rapidly in advanced fi brosis 
[ 58 ] and when immunosuppression coexists as 
in patients with liver transplants [ 59 ] or those 
with human immunodeficiency virus (HIV) 
co-infection [ 60 ]. 
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 Evaluation of progression of fi brosis has 
clinical implications for risk stratifi cation, progno-
sis, and evaluation of therapy. The current gold 
standard of liver biopsy provides qualitative esti-
mation of extent of fi brosis using ordinal scoring 
systems. Several fi brosis staging systems exist 
including Batts and Ludwig [ 61 ], Ishak [ 62 ] and 
METAVIR [ 63 ] for chronic hepatitis and Brunt 
Schema [ 64 ] for NASH. METAVIR system 
(Fig.  4.3 ) is widely used and can be briefl y sum-
marized as follows: F0-no fi brosis, F1-periportal 
fi brosis, F2-periportal fi brosis with rare septa, 
F3-numerous septa with cirrhosis, and F4-cirrhosis. 
Clinically signifi cant fi brosis is defi ned as ≥F2 

stage as it carries the highest risk of progression 
and cirrhosis in chronic hepatitis [ 65 ].

   Histologically, the increasing severity of fi bro-
sis or stages of fi brosis is based on identifying the 
location and amount of fi brosis, and assessment 
of qualitative features such as formation of septa, 
bridges, or nodules encapsulated by fi brous tis-
sue. The staging systems provide information on 
relative severity of the process but are not accu-
rate quantifi ers of fi brosis content. Histological 
evaluation is however limited by sampling error 
and inter-observer variability. 

 Liver fi brosis content can also be assessed 
with quantifi cation of liver fi brosis (collagen 

  Fig. 4.3    Diagram illustrating METAVIR staging of liver fi brosis F0 through F4       
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content) with histo-morphometric methods on 
liver biopsy samples using suitable stains like 
Sirius Red [ 66 ]. Fibrotic tissue highlighted by 
these techniques is expressed as percentage of 
total area of histological sample and is known as 
collagen proportionate area (CPA). Morphometric 
assessment can also be performed with digital 
methods using second harmonic generation 
(SHG) microscopy. With morphometric analysis, 
the amount of fi brous tissue ranges from 1 to 4 % 
in normal livers to 15 to 35 % in cirrhosis [ 66 ]. 
However, these methods are limited by sampling 
error inherent to liver biopsy.  

    Stiffness of Fibrotic Liver 

 Fibrotic livers are stiffer than a normal liver due 
to increased ECM. Preliminary study has shown 
that MRE derived stiffness of the liver correlates 
signifi cantly ( r  = 0.78,  p  < 0.001) with fi brosis 
amount in liver samples [ 67 ] (Fig.  4.4 ). The 
degree of fibrosis (fibrosis burden) is variable 
in CLD from different etiology [ 55 ,  68 – 71 ]. 

For example chronic hepatitis C typically causes 
micronodular cirrhosis with smaller nodules and 
thicker septa, i.e., more fi brosis [ 71 ] as compared 
to chronic hepatitis B which is associated with 
macronodular cirrhosis with less fi brosis at the 
same stage of fi brosis [ 68 ]. Liver stiffness which 
correlates with amount of fi brosis may therefore 
be different among patients with the same histo-
logical fi brosis stage from the same etiology and 
also different from patients with the same fi brosis 
stage of different etiology.

   Other conditions that may be associated with 
an increase in liver stiffness are acute biliary 
obstruction, acute infl ammation of the liver [ 72 ], 
and passive congestion resulting from cardiac 
failure or other causes of raised central venous 
pressure [ 73 ]. MRE for detection or staging of 
liver fi brosis should be avoided when these con-
ditions are known to be present as they may result 
in elevated stiffness measurements. Laboratory 
tests for liver enzyme levels and echocardiogra-
phy may be useful in ruling out these condi-
tions. Studies with TE have shown correlation 
of serum alanine aminotransferase (ALT) levels, 

  Fig. 4.4    Graph illustrating correlation between liver stiffness with MRE and fi brotic content with morphometric analy-
sis (Fibro-C-Index) in liver biopsy of 32 patients with chronic hepatitis B. (Reproduced with permission from Venkatesh 
et al. [ 68 ])       
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a marker of liver infl ammation with liver stiffness, 
however no such correlation has been shown with 
MRE [ 24 ].  

    Detection of Liver Fibrosis with MRE 

 MRE is accurate in distinguishing fi brotic livers 
from normal liver [ 20 ,  22 ,  23 ,  51 ,  74 ]. Early 
fi brosis can be detected even when anatomical 
features suggestive of fi brosis are absent (Fig  4.5 ) 
[ 17 ,  18 ]. MRE can differentiate normal liver from 
fi brotic livers with 89–99 % accuracy, 80–98 % 
sensitivity, and 90–100 % specifi city [ 20 ,  21 ,  23 , 

 24 ,  51 ,  75 ]. The cut-off stiffness values for 
detection of fi brosis range from 2.4 to 2.93 kPa in 
different studies [ 20 ,  21 ,  23 ,  24 ,  51 ,  75 ]. The dif-
ferent cut-off value is probably due to different 
populations studied and inclusion of multiple eti-
ologies in the earlier studies. The degree, pattern, 
and distribution of fi brosis are different in CLD 
resulting from different etiologies as noted above. 
MRE provides a unique opportunity to observe 
stiffness distribution in the entire cross-section of 
the liver. Stiffness maps can show heterogeneity 
of liver stiffness that may refl ect variations in the 
amount of fi brosis. Spatial distribution of stiff-
ness in different CLDs may be observed (Fig.  4.6 ) 

  Fig. 4.5    MRE can detect increased stiffness due to fi brosis even when morphological appearance of liver is normal. Two 
examples of morphologically normal appearing liver but there was increased stiffness consistent with fi brosis and liver 
biopsy confi rmed presence of signifi cant fi brosis in both cases       

  Fig. 4.6    Spatial distribution of stiffness in cirrhosis from different etiologies. Note the peripheral distribution of 
increased stiffness in primary sclerosing cholangitis and around the nodules in the case of autoimmune hepatitis       
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and this information may be useful for diagnosis 
as well as providing guidance for liver biopsy 
[ 76 ]. The infl uence of regional variation of fi bro-
sis deposition on MRE measured stiffness is not 
known and needs to be evaluated in future stud-
ies. Recently MRE studies on single etiologies 
like viral hepatitis [ 24 ,  25 ], NAFLD [ 75 ,  77 ], 
Gaucher’s [ 77 ], and alcoholic liver disease [ 78 ] 
are published and the cut-off values may be use-
ful as references for these specifi c etiologies.

        Staging of Liver Fibrosis with MRE 

 Accurate assessment of degree of fi brosis is 
important for therapeutic decisions, determining 
prognosis, and to follow up disease progression. 
The stiffness of the liver assessed with MRE 
increases with fi brosis stage (Fig.  4.7 ). Liver 

stiffness shows excellent linear correlation with 
histologic fi brosis stages (spearman correlation 
coeffi cient  r  = 0.8–0.97) [ 20 ,  23 – 25 ,  79 ]. MRE 
also correlates well with the amount of fi brosis 
assessed with morphometric analysis (Fig.  4.4 ) 
[ 67 ]. The trend of increased stiffness with increased 
stages of fi brosis has been demonstrated in the 
most common CLDs (Figs.  4.8 ,  4.9 , and  4.10 ) by 
several researchers around the world.

      MRE can differentiate individual stages of 
fi brosis with excellent accuracy. For clinical 
management purposes, it is useful to stage fi bro-
sis into groups: mild fi brosis (≥F1), clinically 
signifi cant fi brosis (≥F2), advanced fi brosis 
(≥F3), and cirrhosis (F4). Good to excellent sen-
sitivity, specifi city, and accuracy of MRE in dif-
ferentiating various stages of fi brosis have been 
shown in several studies (see Table  4.1 ). The cut- 
offs for signifi cant fi brosis and advanced fi brosis 
are variable in different studies and probably 
related to the variability in the amount of fi brosis 
that occurs in different etiologies [ 24 ,  25 ,  78 ].

   Liver stiffness may be affected by parenchy-
mal infl ammation which often accompanies 
chronic viral hepatitis although the effect may not 
be signifi cant. Studies on chronic viral hepatitis 
have shown that infl ammation does not affect 
correlation of stiffness with fi brosis stage [ 67 ,  79 ]. 
The confounding effect of infl ammation will prob-
ably be most apparent in differentiating earlier 
stages of fi brosis from normal livers. More studies 
are required to establish the relationship between 
infl ammation and liver stiffness. Similarly there is 
no correlation between fatty change and liver stiff-
ness measured in livers (Fig.  4.11 ).

   Clinically signifi cant fi brosis (≥F2) can be 
differentiated from mild fi brosis (F0–F1) with an 
excellent accuracy of >92 % and positive predic-
tive value of >93 %. Similarly cirrhosis can be 
diagnosed with accuracy of >95 % and negative 
predictive value of >98 %. MRE can therefore 
accurately  rule in  signifi cant fi brosis and  rule 
out  cirrhosis which is very useful for clinical 
decision making. MRE has lower accuracy for 
differentiation of mild fi brosis from normal and 
infl ammation only (F0). This may result in mis-
classifi cation of mild fi brosis as normal liver and 
vice versa, however, this should occur in a very 

  Fig. 4.7    Mean liver stiffness increases with increased 
fi brosis stage. Shown is a summary of the mean shear 
stiffness measurements of the liver for the 35 normal vol-
unteers and the 48 patients divided into the fi ve different 
fi brosis stages, which are indicated as F0, F1 … F4. Liver 
stiffness is signifi cantly higher in patients than in the con-
trol group. The standard errors for each group are also 
illustrated in error bar for each group. An exponential 
function fi t well to the liver stiffness data with an  R  2  value 
of 0.94. (Reproduced with permission from Yin et al. [ 21 ]: 
  http://www.elsevier.com    )       
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small proportion of patients and usually only by 
one stage [ 23 ,  24 ] but this performance is better 
than TE [ 80 ]. The misclassifi cation may be 

related to biopsy sampling and heterogeneity of 
liver fi brosis. Laboratory tests and clinical fi nd-
ings are useful for confi rmation in such cases or a 

  Fig. 4.8    Examples of histology confi rmed cases of chronic hepatitis C with fi brosis stages F0–4. The  color bar  on the 
 right  is shear stiffness scale from 0 to 8 kPa       

  Fig. 4.9    Examples of increasing stiffness with increasing stage of fi brosis (F0-F4) with biopsy proven cases of non-
alcoholic fatty liver disease (NAFLD). The  color bar  on the  right  is shear stiffness scale from 0 to 8 kilopascals (kPa)        
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repeat MRE study after short follow up may be 
helpful. Rarely a liver biopsy may be required to 
resolve discordant fi ndings. 

 Proposed guidelines for interpretation of liver 
stiffness values are summarized in Table  4.2 . The 
guidelines are based on our experience of more 
than 3,500 patients evaluated in clinical practice 
where liver biopsies were performed in a random 
sample of patients. The fi brosis stages are catego-
rized as stages 1–2, 2–3, 3–4 as histologic staging 
is qualitative (categorical), whereas liver stiffness 
is a quantitative parameter on a continuous scale. 
Correlating the two scores on one-on-one basis is 
not statistically feasible but the grouping of 
stages into categories such as F1–2, F2–3 and 
F3–4, and F4 is done to facilitate clinical deci-
sion making.

  Fig. 4.10    Correlation of liver stiffness with increasing stages of fi brosis and morphometric assessment of fi brosis 
content in cases of chronic Hepatitis B. The  fi rst column  is the Masson-Trichrome stained images of biopsy samples to 
highlight collagen. The  second column  shows results from Fibro-C-index, a morphometric method to estimate collagen 
content in biopsy samples and the  third column  shows stiffness maps with MRE in the same patient. (Reproduced with 
permission from Venkatesh et al. [ 68 ])       

   Table 4.1    Accuracy of MRE for staging liver fi brosis 
compiled from [ 20 ,  22 – 25 ,  51 ,  74 ]*   

 Stage  ≥F1  ≥F2  ≥F3  ≥F4 

 Sensitivity  72–98  86–100  78–100  89–100 
 Specifi city  81–100  85–100  87–100  86–100 
 Accuracy  90–99  92–99  92.3–99  95–100 
 Positive 
predictive value 

 97–100  93–100  92–100  86–100 

 Negative 
predictive value 

 64–86  93–100  95–100  98–100 

   * numbers are percentages  
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   Cirrhosis was previously considered a terminal 
stage of CLD, but is now further classifi ed into 
compensated and decompensated cirrhosis. 
Decompensated cirrhosis is characterized by the 
presence of variceal bleeding, ascites, or hepatic 
encephalopathy and carries several fold increase 
risk of mortality than compensated cirrhosis. 
Decompensation may be related to overall fi brosis 
burden. Increased liver stiffness is related to 
increased risk of decompensated cirrhosis, devel-
opment of HCC, and mortality [ 81 ]. In a recent 
study, liver stiffness measured with MRE was 
independently associated with decompensation. 
A stiffness value of ≥5.8 kPa was associated with 
higher risk of decompensation [ 82 ].  

    MRE in Non-alcoholic Fatty Liver 
Disease 

 Non-alcoholic fatty liver disease (NAFLD) is the 
most common cause of liver disorder in Western 
countries [ 83 ]. The spectrum of NAFLD consists 

of NAFL or simple steatosis (SS), NASH, and 
NASH with fi brosis. NASH and NASH related 
fi brosis is associated with signifi cantly higher liver 
related mortality (~15 %) as compared to those 
with SS alone (<2.5 %) [ 84 – 86 ]. It is important to 
distinguish these two conditions for clinical man-
agement. Simple steatosis progresses to NASH in 
10–20 % of cases, 10–15 % of NASH progresses 
to cirrhosis, and nearly 25–30 % of advanced 
fi brosis progresses to cirrhosis [ 86 ,  87 ]. 
Conventional imaging modalities are not able to 
reliably differentiate the two entities. MRE is use-
ful (Fig.  4.12 ) as SS does not affect liver stiffness 
[ 20 ,  24 ,  88 ] whereas both NASH and fi brosis dem-
onstrate an increase in liver stiffness [ 75 ,  89 ].

   In a preliminary study with 58 NAFLD 
patients, Chen et al. [ 75 ] demonstrated that SS 
can be differentiated from NASH ± fi brosis, 
with 94 % sensitivity, 73 % specifi city, and an 
accuracy of 0.93 using a cut-off value of 
2.74 kPa. The mean hepatic stiffness of patients 
with SS was signifi cantly less than those with 
steatohepatitis (2.51 vs. 3.24 kPa,  p  = 0.028). 
The mean liver stiffness of patients with steato-
hepatitis but no fi brosis was signifi cantly less 
than that for patients with hepatic fi brosis 
(4.16 kPa,  p  = .030). 

 In an another study, Kim et al. [ 89 ] showed 
that MRE with a cut-off value of 4.15 kPa is use-
ful in detecting advanced fi brosis (F3–F4) in 
NAFLD with 85 % sensitivity, 93 % specifi city, 
and an accuracy of 0.954. MRE is therefore a 
promising technique for differentiating SS from 

  Fig. 4.11    Liver fat content 
does not infl uence stiffness 
with MRE. There is no 
correlation observed 
between fat/water (F/W) 
ratio and the liver stiffness 
measured in a group of 35 
normal healthy volunteers 
and 48 patients ( R  2  < 0.05) 
(Reproduced with 
permission from Yin et al. 
[ 21 ]:   http://www.elsevier.
com    )       

   Table 4.2    Proposed guidelines for interpretation of liver 
stiffness with MRE performed at 60 Hz frequency   

 <2.5 kPa  Normal 

 2.5–2.9  Normal or infl ammation 
 2.9–3.5  Stage 1–2 fi brosis 
 3.5–4  Stage 2–3 fi brosis 
 4–5  Stage 3–4 fi brosis 
 >5  Stage 4 fi brosis or cirrhosis 
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NASH as well as stratifying NASH patients with 
advanced fi brosis. MRE will probably have a sig-
nifi cant role in NAFLD as obesity-related CLD is 
a major health burden in USA. A liver MRI study 
including fat quantifi cation techniques and MRE 
can serve as a comprehensive one-stop technique 
evaluation of NAFLD.  

    Clinical Follow Up with MRE 

 Prognosis and management of CLD depends on 
the amount of liver fi brosis and its progression 
[ 58 ]. Clinical trials of chronic viral hepatitis 
patients have demonstrated that hepatic collagen 

  Fig. 4.12    MRE in NAFLD. Case examples of histology confi rmed simple steatosis ( top row ), steatohepatitis only 
( second row ), steatohepatitis with fi brosis ( third row ), and steatohepatitis with cirrhosis ( bottom row ). The in- and 
opposed phase gradient echo images showing signal loss characteristic of fatty livers most prominent in simple steatosis 
and steatohepatitis cases. Note steatohepatitis results in a mild increase in liver stiffness whereas fi brosis and cirrhosis 
are associated with signifi cant increase in liver stiffness       
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content on average doubles every 2 years and 
therefore patients with longer duration of disease 
are likely to have more fi brosis [ 58 ,  69 ,  90 ,  91 ]. 
The morbidity and mortality of patients with 
CLD increases once cirrhosis develops. Same 
etiopathology process at the same fi brosis stage 
is likely to produce different amounts of collagen 
in different individual patients [ 66 ]. Histological 
staging is not sensitive enough to measure minor 
changes in the fi brosis amount and fi brosis progres-
sion through histological stages does not always 
represent an increase in fi brosis. It is important to 
monitor fi brosis over time as the progression of 
fi brosis is variable. MRE may be a useful surro-
gate marker for liver fi brosis burden [ 67 ] and 
monitoring with MRE is possible. Clinical expe-
rience has shown that MRE can demonstrate 
changes in stiffness over time in patients on 
clinical follow up (Fig.  4.13 ).

       Assessment of Treatment Response 

 Treatment for several CLDs is now available and 
studies have demonstrated regression of fi brosis 
in patients undergoing effective treatment [ 58 , 

 92 – 96 ]. Increasing evidence for reversibility of 
liver fi brosis [ 97 ,  98 ] makes it necessary to 
monitor fi brosis and not merely make a diagno-
sis of liver fi brosis. Unfortunately a signifi cant 
number of subjects on treatment show progres-
sion of disease [ 58 ]. MRE may be able to dem-
onstrate the changes in the liver stiffness 
secondary to changes in the liver collagen 
content. Our preliminary clinical experience 
(Figs.  4.14 ,  4.15 , and  4.16 ) has demonstrated the 
utility of MRE in assessing the changes in the 
liver stiffness which may be a useful biomarker 
for liver fi brosis content. Larger studies demon-
strating the use of MRE in the assessment of 
treatment response are awaited.

         MRE in Other Diffuse Liver Diseases 

 MRE is useful in the assessment of fi brosis 
resulting from use of hepatotoxic drugs such as 
methotrexate (Fig.  4.17 ). Preliminary study has 
shown that MRE is useful in detection of fi bro-
sis due to methotrexate toxicity [ 99 ]. CLD can 
also result from chronic congestive hepatopathy 
 resulting from right heart failure or secondary 

  Fig. 4.13    MRE in longitudinal clinical follow up. A chronic hepatitis C patient at initial presentation in 2007 had 
 elevated stiffness that correlated with F2 stage fi brosis with liver biopsy. Liver stiffness increased to 4.3 kPa after 
5 years and suggestive of progression of fi brosis to at least F3 stage fi brosis       
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  Fig. 4.14    MRE for assessment of treatment response in a patient with chronic hepatitis C. In 2009 patient received antiviral 
treatment and the baseline liver stiffness was 4.2 kPa which reduced to 2.8 kPa after 3 years. Interestingly both the liver 
function tests were normal at baseline and follow up       

  Fig. 4.15    MRE for assessment of treatment response. A patient with chronic hepatitis C and a baseline liver stiffness 
of 4.1 kPa was treated with antiviral therapy. The liver stiffness increased to 6.3 kPa a year later while on therapy. The 
antiviral therapy was changed but the liver stiffness increased signifi cantly to 9.2 kPa after 3 years of treatment. Note 
the prominent caudate lobe after 1 year and volumetric changes most apparent at last follow up       
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  Fig. 4.16    MRE for assessment of treatment response. NASH. Obese patient with baseline MRI showed 25 % fat 
 fraction and a very stiff liver due to steatohepatitis. Follow up MRI 1 year later and about 8-pound weight loss, the fat 
fraction was only 6 % and liver stiffness signifi cantly improved       

  Fig. 4.17    MRE in the assessment of patients receiving methotrexate. Three patients with psoriasis received a total 
cumulative dose of 2.6 g ( fi rst column ), 4 g ( second column ), and 4 g ( third column ) of methotrexate respectively. MRE 
shows signifi cant liver stiffness in patients who received 4 g dose consistent with advanced fi brosis and cirrhosis. Note 
that the third patient is also obese which was thought to be a second risk factor for liver fi brosis       

to congenital heart disease [ 100 ]. Studies have 
 demonstrated the utility of MRE in the 
assessment of fi brosis in transplant livers [ 79 , 
 101 ,  102 ]. Several other applications continue 
to emerge.

       Limitations of MRE 

 The most widely used 2D-GRE-MRE technique 
is a breath hold sequence and is susceptible to 
motion induced artifacts. It is now possible to 
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obtain a single slice of MRE in as short a time as 
11–12 s which will be useful to obtain good qual-
ity images. Improving acquisition time with 
reduced k-space acquisition and use of parallel 
imaging may help minimize breath hold artifacts. 
As the 2D-GRE-MRE sequence is sensitive to 
presence of iron in the liver, MRE in patients 
with moderate to severe iron overload due to 
hemochromatosis or hemosiderosis may fail as 
the signal from the iron loaded liver is too low 
such that shear waves cannot be visualized limiting 
the capability of inversion algorithm to process 

the stiffness map. This is probably the most com-
mon cause of failure of 2D-GRE-MRE in clinical 
practice. It should be noted however that it is due 
to low signal from the liver and not due to failure 
of propagation of waves. Implementing shorter 
TEs can improve the liver signal. Alternative 
pulse sequences with shorter TE such as spin-echo 
EPI sequence (Fig.  4.18 ) are capable of visualizing 
the waves through the liver [ 103 ]. In rare cases, 
the iron overload may be severe and it may be 
useful to perform MRE after treatment to reduce 
iron content in liver.

  Fig. 4.18    Advanced MRE for evaluation of liver stiffness in iron over load livers illustrated here with a case of hemo-
chromatosis and liver fi brosis. MRE performed with conventional 2D- GRE-MRE sequence and two iron overload 
sequences. There is low signal in the liver on the GRE-MRE sequence and therefore poor visualization of propagation 
of shear waves through the liver. In the spin-echo (SE-MRE) sequence and spin-echo echo-planar (SE EPI-MRE) 
sequence, the signal in liver is improved for visualization of shear wave propagation and reliable stiffness maps are 
produced. Note similar stiffness values obtained with both iron overload MRE sequences       
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       Comparison of MRE with Other 
Methods for Evaluation of Liver 
Fibrosis 

 The diagnostic performance of MRE is signifi -
cantly higher than most common serum markers 
for liver fi brosis [ 22 – 25 ]. Although there is good 
correlation between MRE and TE [ 104 ,  105 ], 
MRE performs better than TE for detection and 
staging of liver fi brosis [ 23 ] with higher technical 
success. In a preliminary study for cross- 
validation of MRE and shear wave elastography 
(SWE), both MRE and SWE had similar success 
rates (96.4 vs. 92.2 %,  p  = 0.17) [ 106 ]. However, 
SWE showed more unreliable results than MRE 
(13.1 vs. 0 %,  p  < 0.05). Acoustic radiation force 
impulse (ARFI) imaging is another promising 
technique; however there are no reported studies 
comparing ARFI and MRE. Recently a meta- 
analysis of MRE and ARFI studies showed that 
MRE is more accurate than ARFI for detection of 
early stages of fi brosis and similar performance 
for advanced fi brosis [ 107 ]. 

 Studies have compared MRE with routine 
qualitative analysis of morphological features of 
fi brosis and cirrhosis for detection of fi brosis and 
advanced fi brosis [ 17 ,  18 ]. MRE was clearly 
superior to detection of anatomical features of 
fi brosis/cirrhosis on MRI. Diffusion weighted 
imaging (DWI) has been studied by various 
investigators for evaluation of liver fi brosis. 
Comparison of MRE with DWI has shown that 
MRE is superior to DWI for detection and stag-
ing of liver fi brosis [ 108 ,  109 ]. A recent meta- 
analysis that investigated DWI and MRE for 
hepatic fi brosis showed that MRE performs much 
better than DWI [ 110 ]. In a comparison study, 
Choi et al. demonstrated that MRE is superior to 
Gadoxetate disodium enhanced MRI for detec-
tion and staging of liver fi brosis. MRE more 
strongly correlated with fi brosis staging than 
Gadoxetate enhanced MRI [ 111 ]. In an another 
interesting study, Motosugi et al. found that liver 
stiffness with MRE predicted insuffi cient liver 
enhancement with Gadoxetate sodium in patients 
with chronic hepatitis C and Child-Pugh Class A 
disease [ 112 ]. These results are probably refl ec-

tive of reduced liver function secondary to liver 
fi brosis. 31P-MR spectroscopy has been studied 
with interest with mixed success for correlation 
with liver fi brosis stage [ 113 – 116 ]. In a comparison 
study, Godfrey et al. found that MRS fi ndings 
did not correlate with histologic fi brosis stage 
whereas MRE had high performance and corre-
lated with fi brosis stage [ 32 ].  

    Future of Liver MRE 

 The liver MRE technique is undergoing several 
modifi cations: reducing scan time, improving 
resolution and increasing signal intensity, and so 
forth. One of the important areas to focus is to 
differentiate pathological processes such as 
infl ammation, edema, and passive congestion 
from liver fi brosis by using additional parameters 
such as anisotropy, wave attenuation, and work-
ing with different mechanical models. Entire 
liver volume (volumetric) assessment is possible 
with 3-dimensional (3D) MRE sequence which 
may provide  an opportunity to assess overall 
liver fi brosis burden, a parameter that could pre-
dict the fi nal outcome in CLD. 3D acquisitions 
are also promising for characterization of focal 
lesions. Many research opportunities therefore 
seem apparent. MRE may play a greater role in 
evaluation of progression or regression of liver 
fi brosis and serve as  a reference standard for 
assessment of performance of treatment methods 
and clinical management. 

 Liver MRE is an exciting and novel imaging 
technique with proven clinical value in the assess-
ment of CLD. The clinical indications continue 
to emerge and technical improvements are ongo-
ing for a promising future.     
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           Introduction 

 Focal liver lesions (FLLs) are detected at an 
increasing rate due to widespread use of imaging 
for abdominal pain and other symptoms. Accurate 
and reliable characterization of the FLL is critical 
for both reassuring individuals with benign 
lesions and accurately diagnosing malignant 
lesions for management [ 1 ]. Correct diagnosis 
would avoid delayed treatment of a malignancy 
and probably reduce the unnecessary treatment of 
benign lesions. 

 Accurate characterization of FLL with con-
ventional imaging methods is challenging due to 
frequent overlap of imaging features. As a result, 
some FLLs that are diffi cult to characterize and 
in those where no diagnosis can be reached on 
the basis of imaging alone, histological confi rma-
tion may be required for further management. 
However, biopsy is invasive with a non- negligible 
risk of seeding when a malignant lesion is biop-
sied. Distinction between benign and malignant 
is perhaps the most important information needed 
for clinical decisions, particularly when FLLs are 
asymptomatic or an incidental fi nding. The current 
imaging approach for characterization of FLL is 

qualitative and evaluates the differences between 
FLL and the surrounding liver parenchyma, and 
observance of contrast enhancement characteris-
tics on dynamic multiphasic images. Dynamic 
contrast enhanced imaging with CT and MRI 
puts patients at risk of exposure to ionizing radia-
tion with CT and the possible side effects of con-
trast medium administration especially in patients 
with chronic renal disease. 

 Diffusion weighted imaging (DWI) is a sensi-
tive imaging method and useful in differentiating 
benign and malignant FLLs and shown to be bet-
ter than standard T2-weighted imaging [ 2 ] but 
similar to dynamic contrast enhanced MRI [ 3 ]. 
However apparent diffusion coeffi cient (ADC) is 
not specifi c enough to be used clinically. Intra- 
voxel incoherent motion (IVIM) imaging derived 
parameters such as true diffusion may be a better 
parameter for differentiating benign and malignant 
FLLs as perfusion infl uences ADC values [ 4 ]. 

 Newer contrast media such as Gadoxetate 
sodium are used for differentiation of hepatocel-
lular lesions from non-hepatocellular lesions. 
However use of a contrast agent in patients with 
severe renal failure may not be always possible 
even though 50 % of Gadoxetate is excreted 
through liver. Gadoxetate is no longer considered 
discriminative as once thought to be, as some 
well differentiated hepatocellular carcinomas 
(HCC) and hepatic adenomas show uptake. MRI 
with super paramagnetic iron oxide agents are 
very sensitive to detect FLLs, however the agent 
is no longer available for clinical use in USA. 

        S.  K.   Venkatesh      (*) 
  Department of Radiology ,  Mayo Clinic College 
of Medicine, Mayo clinic ,   200 First Street SW , 
 Rochester ,  MN ,  USA   
 e-mail: venkatesh.sudhakar@mayo.edu  

 5      Clinical Applications of Liver 
Magnetic Resonance Elastography: 
Focal Liver Lesions 

           Sudhakar     K.     Venkatesh    

mailto:venkatesh.sudhakar@mayo.edu


62

 Tumors can be palpated as hard or stiff masses 
within softer normal tissues. However tumors 
within deep seated organs like liver cannot be 
assessed with palpation. Elastography techniques 
may be useful in assessing stiffness of the tumors 
and in differentiating them from normal tissues. 
Elastography techniques by quantifying stiffness 
can provide for differentiation of benign and 
malignant FLLs [ 5 – 7 ]. Transient elastography 
(TE) is not an appropriate technique as it does not 
provide any imaging guidance or precise location 
of sampling of the stiffness. Acoustic radiation 
force impulse (ARFI) imaging combines ultra-
sound imaging and elastography and able to eval-
uate focal lesions. However ARFI provides an 
average stiffness value over a fi xed region of 
interest which is usually not deeper than 6 cm 
from skin surface [ 8 ], may produce inaccurate 
results when FLLs are near vessels or heart [ 9 ], 
and shear wave velocities for the same kind of 
lesion may differ depending on the surrounding 
liver parenchyma [ 10 ,  11 ]. Shear wave elastogra-
phy (SWE) is another ultrasound based technique 
reported to be useful for evaluation of FLL [ 12 ] 
but is limited by signifi cant failure rate and depth 
limitation. Experience with this technique is still 
growing. 

 MRE is probably the most suitable technique 
for evaluation of stiffness of FLLs as it can pro-
vide exact localization of the tumor and is not 
limited by size or depth of the lesion. Two studies 
have reported evaluation of FLL with MRE [ 5 ,  6 ] 
and both studies have reported moderate to excel-
lent accuracy for differentiation of benign and 
malignant FLLs. The preliminary results are 
encouraging and provide motivation for further 
evaluation of MRE in this fi eld.  

    Tumor Stiffness 

 Cancers are stiffer than normal tissue. Several 
factors including tissue composition, abnormal 
perfusion, and higher interstitial pressure (IP) 
may explain the stiffness of cancers. Cancer cells 
often occupy less than half the volume of a solid 
tumor, blood vessels account for about 10 % of 
volume, and the remaining space is made of 

interstitial stroma that surrounds the cancers cells 
[ 13 ]. The tumor interstitial stroma is character-
ized by abnormal extracellular matrix rich in 
collagen, increased micro vessel density, and 
activated fi broblasts and an infl ammatory cell 
infi ltrate [ 14 ]. The tumor vasculature is heteroge-
neous and the vessels are irregular, convoluted 
with increased vascular permeability leading to 
abnormal fl ow and leaky vessels with increased 
outfl ow of proteins and other molecules out of 
the vessels and increasing the osmotic pressure of 
the interstitium [ 15 – 19 ]. The lymphatic vessels 
are either non-functional or absent [ 20 ,  21 ]; as a 
result there is ineffi cient drainage of fl uid from 
tumor. All these contribute to increased IP accom-
panied by increased micro vascular pressure [ 22 ]. 
Tumor IP can be several times that of normal tis-
sues [ 23 ]. For example, colorectal liver metasta-
ses and normal liver have a mean interstitial 
pressure of 21 and 7–10 mmHg respectively, and 
breast carcinomas have mean interstitial pressure 
of 15 versus 0 mmHg in normal breast [ 13 ,  24 ]. 
The high IP is probably due to micro vascular 
pressure, blood-vessel leakiness, lymph- vessel 
abnormalities, interstitial fi brosis, and contrac-
tion of the interstitial space mediated by stromal 
fi broblasts [ 14 ,  25 – 27 ]. The tumor IP is depen-
dent on host vasculature and positively correlates 
with blood volume of the tumor and negatively 
with apoptosis/necrosis [ 28 – 30 ]. The high IP is 
uniform throughout a solid tumor except at the 
rim and interface with normal tissue where it 
reaches normal tissue interstitial pressure [ 13 ]. 
As cancers grow, several nodules may form with 
their own smaller micro-tumor environments as 
well as areas of necrosis which may have lower 
IP. Larger tumors may therefore have variable IP 
in different regions [ 24 ,  31 ]. 

 Tumor IP has been the focus of cancer treat-
ment research as studies have shown that IP is the 
main barrier for delivery of anti-cancer agents 
and reducing the tumor IP helps in delivery of 
anti-cancer agents [ 13 ,  14 ,  17 ,  19 ,  22 ,  24 ,  29 – 31 ]. 
Further, a decrease in tumor IP is a known marker 
of response to therapy [ 30 ]. An expanding tumor 
also exerts stresses on the surrounding normal 
tissue. These stresses are transmitted to the sur-
rounding extracellular matrix, generating radial 
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compressive forces and circumferential tensile 
forces. The surrounding matrix becomes stiffer 
and denser, the degree of which is variable [ 32 ] 
making the tumor environment complex. In sum-
mary, the tumor stiffness is a result of many fac-
tors including high cellularity, collagen rich 
extracellular matrix, altered micro vessels, raised 
IP, growing stress on surrounding tissues, and 
reaction of surrounding tissues.  

    MRE of FLLs: Technique 

 FLLs are evaluated with the same technique as for 
evaluation of diffuse liver diseases described in 
previous chapters. To ensure valid evaluation of 
stiffness of FLL, the slices need to be planned so 
that MRE acquisition is through the plane of the 
tumor and preferably through the largest cross-
section or closer to the center of the FLL. Thin 
(3–5 mm) slices may be obtained, but this may 
reduce the signal from the tissues and therefore 
MRE signal. The MRE acquisition may be per-
formed after intravenous gadolinium administra-
tion which would increase the signal from tissues 
especially enhancing FLLs. Matrix size of the 
MRE acquisition may also be increased to obtain 
higher resolution. MRE of smaller lesions may be 
technically challenging especially those <2 cm as 
thinner slices and consistent breath hold are 
required to obtain slices through the small lesion. 
Smaller lesions are better evaluated with a 3D 
MRE technique to ensure reliable stiffness estima-
tion. A higher frequency (90–200 Hz) (therefore 
smaller wavelength shear waves) may be useful 
for evaluating small lesions. However, higher 
frequency waves are attenuated in normal liver [ 5 ] 
but stiffer tissues may be still visualized.  

    MRE of FLLs 

 The stiffness of FLLs is dependent on tissue 
components. Benign tumors are softer and have 
slightly higher stiffness than normal liver paren-
chyma (Fig.  5.1 ). Some focal nodular hyperplasia 
may be stiffer probably due to their central scar 
and fi brous component (Fig.  5.1 ). Hemangiomas 

are lesions composed of large vascular spaces 
and fi brous septa that are typically softer. 
Malignant tumors have higher stiffness (Fig.  5.2 ) 
and some tumors like cholangiocarcinoma dem-
onstrate higher stiffness probably due to their 
desmoplastic reaction they induce and the 
increased amount of fi brotic tissues. The stiffness 
of metastatic lesions can be variable and depen-
dent on their components. Most solid metastases 
are stiffer than normal liver.

    In a preliminary study, Venkatesh et al. [ 5 ] 
studied 44 focal tumors (13 benign and 31 malig-
nant) and found that the mean stiffness of the 
malignant lesions was signifi cantly higher than 
benign tumors (10.1 vs. 2.7 kPa,  p  < 0.001), nor-
mal liver parenchyma (vs. 2.3 kPa,  p  < 0.001), 
and fi brotic livers (vs. 5.9 kPa,  p  < 0.001) 
(Fig.  5.3 ). The mean stiffness of benign tumors 
was not signifi cantly different from normal liver 
parenchyma. Fibrotic livers were signifi cantly 
stiffer than benign liver tumors. In this study, a 
threshold value of 5 kPa was able to accurately 
distinguish malignant from benign liver tumors 
(Fig.  5.3 ) with 100 % accuracy. Garteiser et al. 
[ 6 ] studied 72 FLLs (37 benign and 35 malig-
nant) and found that absolute shear modulus and 
loss modulus were signifi cantly higher in malig-
nant tumors as compared to benign tumors. The 
loss modulus was found to be signifi cantly better 
than storage modulus and shear modulus (0.774 
vs 0.578 and vs.0.718 respectively) for discrimi-
nating malignant from benign lesions. These pre-
liminary studies need to be supported by larger 
studies. In a recent study, Venkatesh et al. showed 
that MRE performs signifi cantly better than DWI 
in differentiating primary neoplasms of the liver 
(0.98 vs.0.85,  p  = 0.008) [ 33 ].

   Malignant tumors tend to be larger than benign 
tumors. However the tissue stiffness is dependent 
on composition and therefore stiffness of the FLL 
is probably independent of the size of the lesion 
(Fig.  5.4 ). Among the benign tumors, hemangio-
mas and hepatocellular adenomas are softer than 
focal nodular hyperplasia. Cholangiocarcinomas 
are stiffer than HCCs and may be dependent on 
relative amount of fi brosis, solid tissue, and necrotic 
components. Characterization of individual types 
of FLL using stiffness values may be possible and 
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  Fig. 5.1    MRE of benign FLLs. Examples of hemangioma ( top row ), hepatocellular adenoma ( middle row ), and focal 
nodular hyperplasia ( bottom row ). T2-weighted images ( fi rst column ), wave images ( second column ) and stiffness maps 
( third column ). The mean stiffness of hemangioma and hepatocellular adenoma is similar to slightly higher than liver 
parenchyma. Focal nodular hyperplasia demonstrated here has higher stiffness probably due to fi brotic scaring but is 
still less than 5 kPa       

  Fig. 5.2    MRE of malignant FLLs. T2-weighted images ( fi rst column ), wave images ( second column ) and stiffness maps 
( third column ). Examples of hepatocellular carcinoma, intrahepatic cholangiocarcinoma, and metastases. The mean stiff-
nesses of the lesions are signifi cantly higher than the surrounding liver. Note the increased stiffness of the liver in multiple 
metastases with focal areas of increased stiffness representing the metastases       
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future studies in this direction are awaited. An 
example is demonstrated in Fig.  5.5 . In this 
example of epithelioid angiomyolipoma, the lesion 
shows a predominantly fatty core surrounded by an 
intensely enhancing region. The central core region 
is softer while the surrounding region is stiffer.

    Cystic or necrotic regions of large tumors, or 
those which become necrotic following treat-
ment, may be demonstrated as areas of lower 
stiffness (Fig.  5.6 ). In a recent study, Pepin et al. 
demonstrated a signifi cant decrease in tumor 
shear stiffness within 4 days of chemotherapy 

  Fig. 5.3     Box-plot graph  showing distribution of mean stiffness of 44 benign and malignant focal liver lesions, normal 
liver, and fi brotic liver. Note that a cut-off value of 5 kPa separates malignant and benign tumors. Fibrotic liver stiffness 
overlaps the benign and malignant tumors. (Reproduced with permission from Venkatesh et al. [ 5 ]: Reprinted with 
permission from the American Journal of Roentgenology)       

  Fig. 5.4    Graph showing 
correlation between size 
and stiffness of 110 focal 
liver lesions (malignant-85 
and benign-25).  Red dots  
represent malignant tumors 
and  green dots  benign 
tumors. No signifi cant 
correlation was found 
between stiffness and 
tumor size ( R  2  = 0.05). 
Three sclerosing heman-
giomas ( arrows ) had 
stiffness more than 5 kPa. 
(Presented at SBCTMR 
Annual Conference 2008, 
Charleston, SC, USA) 
(color fi gure online)       
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  Fig. 5.5    MRE of epithelioid angiomyolipoma. T2-weighted ( a ), opposed-phase gradient–recalled echo ( b ), fat- suppressed 
T1-weighted ( c ), contrast enhanced T1-weighted ( d ), wave ( e ) images and stiffness map ( f ). Note the central core ( arrow 
head ) with predominantly fatty tissue and less enhancing region is softer (1.8 kPa) on stiffness map while the surrounding 
less fat containing and enhancing tissue is stiffer (4.6). The stiffness of the entire FLL was about 3.18 kPa suggesting a 
benign FLL       

  Fig. 5.6    MRE of hepatocellular carcinoma 6 weeks post chemoembolization. The large mass in left lobe liver shows 
signifi cant necrosis with residual enhancing regions ( arrows ) consistent with residual tumor. The residual tumors are 
seen as stiff regions on the stiffness maps. Section through a completely necrotic region ( asterisk ,  bottom row ) shows 
low stiffness       
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treatment in an animal model. A similar study by 
Li et al. [ 34 ] also demonstrated that a reduction 
in tumor viscoelasticity occurs earlier than 
changes in tumor ADC. Demonstration of 
change in MRE-derived shear stiffness may be 
useful as an early and sensitive biomarker of 
tumor response. This early reduction in stiffness 
may represent reduced vascularity and decreased 
interstitial pressure that can occur before necro-
sis results.

       Focal Lesions in Fibrotic Liver 

 Fibrosis of liver is a known risk factor for devel-
opment of HCC. As stiffness correlates with 
degree of fi brosis, elevated stiffness may be con-
sidered a risk factor for development of 
HCC. Studies have shown that liver stiffness 
assessed with MRE or ultrasound based tech-
nique is associated with higher risk of HCC 

development [ 35 ,  36 ]; however in another study 
Anaparthy et al. [ 37 ] found no such correlation. 
Clearly more studies are warranted in this direc-
tion to determine whether stiffness of liver is a 
risk factor for development of HCC. HCCs 
developing in cirrhotic liver may appear either 
stiffer or softer than surrounding parenchyma 
depending on the degree of fi brosis in the sur-
rounding parenchyma and components of the 
HCC (Fig.  5.7 ).

       Other Stiff Focal Lesions in Liver 

 Benign lesions that contain fi brotic tissue compo-
nents may be stiffer and these should not be inter-
preted as malignant lesions. Lesions that may 
appear as stiff regions include infl ammatory 
lesions which have fi brotic components such as 
confl uent fi brosis, hyalinizing granulomas, and 
healing liver abscesses (Fig.  5.8 ). Some benign 

  Fig. 5.7    MRE of hepatocellular carcinomas in fi brotic liver. T2-weighted images ( fi rst column ), late arterial phase 
( second column ) and stiffness maps ( third column ). In the fi rst example ( top row ) the HCC has a stiffness of 6.6 kPa and 
surrounding liver parenchyma is 8.3 kPa. In the  bottom row , the stiffness of HCC and liver parenchyma are 7.6 and 
3.4 kPa respectively       
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  Fig. 5.8    Benign focal lesions that can present as stiff regions on MRE. T2-weighted images ( top row ) and stiffness 
maps ( bottom row ). Examples of confl uent fi brosis, hyalinizing granuloma, and organized abscess demonstrating 
increased stiffness ( arrows )       

tumors like focal nodular hyperplasia (Fig.  5.1 ) 
and sclerosing hemangiomas can appear very 
stiff (Fig.  5.9 ) as they can have stiffer compo-
nents. The stiffness values of these lesions should 
be interpreted with other imaging features for 
characterization. Shear waves do not propagate 
through cysts as fl uids do not support shear 
waves. Therefore cysts typically appear as soft 
lesions or void regions within liver.

        Future Directions 

 Evaluating stiffness of small FLLs with MRE can 
be challenging and 3D MRE may be useful to 
avoid partial volume effects and the edge effects 

in the inversion algorithm. Using minimally 
attenuating longitudinal waves at a high fre-
quency, shear waves produced by mode conver-
sion will be detectable in stiff regions (Fig.  5.10 ) 
but attenuated in the surrounding softer tissue 
[ 38 ]. This interesting and novel technique may be 
useful to detect smaller lesions, however experi-
ence is limited.

   MRE is a promising technique for evaluation 
of FLLs and provides a non-invasive quantitative 
parameter that may be useful in differentiating 
benign and malignant neoplasms. Change in the 
MRE derived stiffness may be useful in detec-
tion of early tumor response to treatment. 3D 
MRE techniques may allow evaluation of 
smaller lesions.     
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  Fig. 5.9    MRE of a sclerosing hemangioma. T2-weighted ( a ), T1-weighted ( b ), post contrast enhanced ( c ) and delayed 
( d ) T1-weighted images, wave image ( e ), and stiffness ( f ) showing a large hemangioma in the left lobe that shows 
increased stiffness with MRE       

  Fig. 5.10    Results from an in vivo hepatic study of a normal volunteer and a patient with metastatic liver tumors. 
Conventional MR magnitude images of the volunteer ( a ) and the patient ( d ) show the presence of numerous tumors in the 
patient. Wave data in the volunteer at 60 Hz ( b ) and 200 Hz ( c ) show that the shear waves at 200 Hz are completely 
attenuated in normal healthy soft liver tissue. The wave data in the patient at 60 Hz ( e ) and 200 Hz ( f ) show that the waves 
in the stiff tumors are still clearly observable while the shear waves in the rest of the liver have been signifi cantly attenuated. 
(Reproduced with permission from Mariappan et al. [ 38 ])       
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�Introduction

�Burden of Chronic Liver Disease

Chronic liver disease and cirrhosis remains a 
major public health problem worldwide. In the 
United States alone, an estimated 150,000 persons 
annually are diagnosed with chronic liver disease 
with nearly 30,000 (20 %) individuals having cir-
rhosis at initial presentation. Furthermore, over 
75 % of individuals are likely to be asymptom-
atic from their liver disease at diagnosis [1]. 
These trends are expected to increase based on 
an aging population and the growing epidemic of 
obesity [2, 3].

Current diagnostic tests used within clini-
cal practice are not sensitive or specific enough 
to function as screening tests for more inva-
sive, definitive procedures such as liver biopsy. 
Although liver biopsy has been considered the 
gold standard for detecting hepatic fibrosis, its 
use in clinical practice appears to be declining 

over time. The availability of laboratory assays 
to identify liver diseases such as chronic hepa-
titis C is a major reason for this phenomenon. 
Additionally, the ability to perform liver biopsy 
in large populations are limited by the risk for 
procedure-related complications, patient accep-
tance, cost, and inaccuracies associated with sam-
pling error [4, 5]. In turn, there remains a need to 
introduce novel, effective methods to diagnose 
and risk stratify individuals with chronic liver 
disease.

�Contemporary Issues with Liver 
Biopsy

Liver histology classification systems recognize 
five stages of fibrosis, defined as F0 (no fibrosis), 
F1 (portal fibrosis), F2 (periportal fibrosis), F3 
(bridging fibrosis), and F4 (cirrhosis). Clinically 
significant hepatic fibrosis is defined by the pres-
ence of periportal fibrosis (stage F2) or greater on 
liver histology. While measurement error with 
liver biopsy has been an acknowledged limitation 
for decades, recent studies have systematically 
demonstrated that a minimum liver tissue size 
(≥20  mm) and portal tract number (≥10) are 
needed to maximize the accuracy of biopsy [4, 5]. 
In clinical practice, however, the average liver tis-
sue size and portal tract number are often less than 
this threshold [6]. Hence, the ability to make reli-
able and valid fibrosis staging assessments remains 
inexact for a significant number of patients.
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�Elastography Imaging for Detecting 
Hepatic Fibrosis

Given the practical limitations of using liver 
biopsy among the growing number of individ-
uals with chronic liver disease, a number of 
noninvasive methods to detect liver fibrosis 
have been developed over the past decade. 
Furthermore, the ability to characterize fibrosis 
extent by categories as opposed to discrete stages 
has gained importance as more effective thera-
pies for chronic liver disease become available. 
In general, these methods have been character-
ized as (1) serum tests containing panels of 
markers reflecting the biology of hepatic fibro-
genesis and (2) functional imaging tests which 
measure unique physical characteristics associ-
ated with the development of fibrosis. Among 
the imaging studies to date, the most widely 
studied and used are elastography imaging tech-
niques with ultrasound or magnetic resonance 
(MR) platforms [7].

Ultrasound-based transient elastography (TE) 
utilizes a transducer probe which emits low-
frequency (50 Hz) vibrations into the liver when 
applied between the rib interspaces where biopsy 
would be performed. The propagating shear wave 
induced by these vibrations is then detected by a 
pulse-echo acquisition, and the velocity of the 
wave is then calculated. Shear wave velocity is 
measured in kiloPascals (kPa), and is proportional 
to liver stiffness represented by the equation for 
Young’s elastic modulus E (expressed as E = 3ρv2, 
where v is the shear velocity and ρ is the density of 
tissue, assumed to be constant). The accurate 
measurement of liver stiffness by TE is repre-
sented by (1) the ratio of successful measurements 
to the total number of acquisitions being ≥60 % 
and (2) the interquartile range for measurements 
being within 30 % of the median value [8].

Magnetic resonance elastography (MRE) uses 
a modified phase-contrast imaging sequence to 
detect propagating shear waves within the tissue of 
interest. Acoustic shear waves are generated by a 
pneumatic driver placed directly over the upper 
abdomen for propagation into liver tissue. 
Subsequently, the liver stiffness values are calcu-
lated from wave displacement patterns and 

displayed as color-encoded images (elastograms). 
Region of interest analysis throughout four cross-
sectional slices of liver (avoiding vascular struc-
tures) is then performed to calculate mean liver 
stiffness [9, 10]. Elasticity quantification by MRE 
is based on the formula representing shear modu-
lus, which is equivalent to one third of the Young’s 
modulus which is used with TE [11].

�Clinical Impact of Elastography 
Imaging on Liver Disease

A major goal within clinical practice is to iden-
tify patients who have developed clinically sig-
nificant hepatic fibrosis or cirrhosis. Decisions 
regarding monitoring versus institution of 
disease-specific therapy are now dictated by the 
category of fibrosis involvement rather than its 
specific individual stage. For most noninvasive 
tests, the ability to categorize patients as having 
no to minimal fibrosis (F0–F1) or moderate to 
severe fibrosis (F2–F4) is now possible [7, 8]. 
Studies to date have shown that liver stiffness 
assessment by MRE and TE is highly effective at 
separating individual patients into these diagnos-
tic categories. Liver stiffness as measured by 
MRE is highly reproducible with high interob-
server agreement [12, 13]. Further it may also be 
feasible and highly accurate among the pediatric 
population, including those with obesity [14].

�Detection of Clinically Significant 
Hepatic Fibrosis and Cirrhosis
The first clinical application of MRE has been the 
detection and characterization of hepatic fibrosis. 
In this diagnostic role, MRE offers a safer and 
potentially more accurate alternative to invasive 
liver biopsy. Pilot and initial prospective studies 
have demonstrated the feasibility and diagnostic 
accuracy in detecting hepatic fibrosis among 
patients with known chronic liver disease [15–19]. 
MRE has been shown to be highly effective for 
distinguishing normal from fibrotic livers with a 
very high negative predictive value exceeding 
97  %. Receiver operating characteristic (ROC) 
analysis has demonstrated that a liver stiffness 
value ≥2.9  kPa separates any degree of liver 
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fibrosis from normal liver with a sensitivity and 
specificity of 98 and 99 %, respectively.

Conversely, MRE is highly accurate for the 
detection of cirrhosis with sensitivity and speci-
ficity values exceeding 90  %, respectively [16, 
17]. For example, among persons with chronic 
hepatitis B, MRE was significantly more accurate 
than serum fibrosis markers for the detection of 
significant fibrosis (0.99 vs. 0.55–0.73) and cir-
rhosis (0.98 vs. 0.53–0.77). Sensitivity, specific-
ity, positive predictive, and negative predictive 
values for MRE for cirrhosis were 97.4, 100, 100, 
and 96, and 100, 95.2, 91.3, and 100 %, respec-
tively [20].

This compares favorably with TE where aver-
age sensitivity and specificity rates nearing 
90  %, respectively, are also observed [21, 22]. 
The importance of identifying cirrhosis at its 
earliest stages is for detecting complications 
such as esophageal varices and hepatocellular 
carcinoma, both of which can benefit from early 
interventions.

Furthermore, MRE can discriminate between 
patients with clinically significant hepatic fibro-
sis (F2–F4) as compared to individuals with no to 
mild fibrosis (F0–F1) with sensitivity and speci-
ficity values in the 80–85 % range, respectively 
[10, 17]. Notably, these results are higher when 
compared to TE where sensitivity and specificity 
values between 70 and 80 %, respectively, have 
been reported in single and combined analyses 
[21, 22]

Recently, a large prospective study comparing 
MRE, TE, and the serum AST-to-platelet ratio 
index (APRI) in a series of 141 patients with 
chronic liver disease was performed [17]. In 
addition to a higher technical success rate for 
MRE vs. TE (94 vs. 84 %), the diagnostic accu-
racy of MRE was also superior to both TE and 
APRI.  While comparable accuracy rates for 
detecting cirrhosis were observed for MRE and 
TE, the accuracy of MRE was significantly 
higher than TE for detecting clinically significant 
hepatic fibrosis (F2–F4).

The comparative study between MRE and TE 
highlights known inherent differences between 
these techniques in assessing hepatic fibrosis. 
While the reproducibility of TE is excellent in 

experienced centers, its accuracy is diminished 
by the presence of inexperienced operators and 
patient factors including obesity and narrow rib 
interspaces [23, 24]. This is based, in part, on 
the inability of TE to provide wave penetration 
beyond a distance of 6–7 cm which can repre-
sent the width of subcutaneous tissues in some 
obese patients [23, 24]. Thus, a major issue for 
TE is the prevalence and severity of obesity 
in developed countries, where the frequency 
of incomplete exam and complete technical 
failure rates may exceed 30  % [23, 24]. The 
reproducibility of MRE is also excellent [25]. 
In a recent study comparing MRE and shear 
wave elastography in the same individual, the 
rates of unreliable exam were higher with shear 
wave as compared to MRE (19 vs. 0  %) [26]. 
Furthermore, MRE is not significantly affected 
by obesity, rib interspace width, or ascites. 
While TE is designed to measure liver stiff-
ness in a cylindrical-shaped area 1 cm wide and 
4 cm long confined exclusively to the peripheral 
right liver, MRE calculates liver stiffness over 
the entire cross-sectional areas of hepatic paren-
chyma from multiple slices. Individuals with 
typical contraindications to MRI, however, are 
unable to undergo MRE [11, 24].

For both MRE and TE, it should also be noted 
that other pathophysiological processes includ-
ing acute inflammation, cholestasis, portal pres-
sure, and hepatic congestion may independently 
contribute to liver stiffness [27–31]. A recent 
study evaluated the role of MRE in assessment of 
liver fibrosis among patients with congenital 
heart disease after the Fontan procedure. In this 
preliminary study, the mean liver stiffness was 
elevated at levels associated with advanced fibro-
sis. However, it is unclear whether in this popula-
tion the elevated stiffness is marker of increased 
passive congestion or a reflection of true fibrosis 
due to longstanding cardiac dysfunction [32]. 
This emphasizes the point that elevated liver 
stiffness may have different implications depend-
ing upon the population.

On the other had it is noted that mean liver 
stiffness among healthy controls is not influenced 
by age, gender, liver fat content, or body mass 
index [33, 34].
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�Detection of Clinically Significant 
Portal Hypertension
Complications associated with portal hyperten-
sion represent a significant proportion of mor-
bidity and mortality among individuals with 
cirrhosis. The gold standard test for detecting 
portal hypertension involves measurement of 
the hepatic venous pressure gradient (HVPG) by 
transjugular hepatic venography. Numerous stud-
ies to date have identified an HVPG ≥ 10 mmHg 
as an independent predictor of developing 
complications of liver disease. Furthermore, a 
reduction in HVPG below 12 mmHg (or HVPG 
reduction by ≥20  %) with treatment after vari-
ceal bleeding is associated with improved sur-
vival [35]. However, the measurement of HVPG 
in clinical practice has not become widespread 
based on the technical demands, invasiveness, 
and risk for complications associated with this 
procedure [35, 36].

Given the ability of elastography imaging to 
detect cirrhosis, a number of subsequent investi-
gations have demonstrated that liver stiffness is 
strongly correlated with HVPG values below 
10 mmHg among individuals with chronic hepati-
tis C [37–39]. The correlation is less precise, how-
ever, beyond an HVPG value of 12 mmHg based 
on complex pathophysiologic changes associated 
with advanced portal hypertension such as 
increasing resistance to portal blood flow, porto-
systemic collaterals, and splanchnic vasodilata-
tion [40, 41]. The potential use of liver stiffness 
for detecting esophageal varices in patients has 
also been studied. However, these have been stud-
ies using TE which show that liver stiffness is an 
insensitive predictor for esophageal varices 
among individuals with cirrhosis [40, 42]. Similar 
results have also been observed with MRE [43]. 
At this point, it cannot be recommended that elas-
tography imaging be used as a screening method 
to determine which patients with compensated 
cirrhosis should undergo endoscopic screening 
for esophageal varices. On the other hand, a recent 
study did show promise in the prediction of pres-
ence of large varices (as compared to small vari-
ces). In this single center study, a cutoff of 5.8 kPA 
had good sensitivity (96 %) and negative predic-
tive value (98 %) for prediction of large varices 

though the specificity (60 %) and positive predic-
tive value (36 %) was poor [44].

Given the relationship between splenomegaly 
and esophageal varices with cirrhosis, spleen 
stiffness as a noninvasive predictor of portal 
hypertension was recently measured using MRE 
[43]. In addition to demonstrating that spleen 
stiffness was significantly higher among patients 
with liver fibrosis compared to healthy controls, 
the spleen stiffness was increased further among 
patients with cirrhosis and porto-systemic collat-
erals versus patients with cirrhosis alone. Notably, 
a mean spleen stiffness ≥10.5  kPa was 100  % 
sensitive in identifying all 17 patients with esoph-
ageal varices and cirrhosis in the study cohort. 
Therefore, it is possible that spleen stiffness pro-
vides additional information about the hemody-
namic alterations within splenic and splanchnic 
circulations not captured by liver stiffness. Based 
on these preliminary results, future studies 
including the measurement of HVPG as well as 
spleen and liver stiffness are being pursued.

�Compensated and Decompensated 
Cirrhosis
Patients affected by compensated and decompen-
sated (presence of variceal bleeding, ascites or 
hepatic encephalopathy) cirrhosis are known to 
have disparate clinical outcomes. As compared to 
the general population, individuals with compen-
sated cirrhosis have a fivefold increase, whereas 
patients with decompensated disease have a ten-
fold increase in mortality [45]. Given that a 
majority of deaths in patients with compensated 
cirrhosis are due to progression to a decompen-
sated state and the development of its ensuing 
complications, the ability to predict decompensa-
tion is important. If patients with compensated 
liver disease at the highest risk of decompensa-
tion can be identified, it may be possible to insti-
tute enhanced surveillance and prophylactic 
measures for this patient subset. The role of elas-
tography in identifying this risk of transition has 
been reported. In a recent meta-analysis, the 
degree of liver stiffness as quantified by either TE 
or MRE was associated with increased risk of 
decompensated cirrhosis, HCC, and death [46]. 
Specifically, in a single center study, subjects 
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with decompensated cirrhosis had a higher mean 
liver stiffness (6.8 vs. 5.2 kPa). MRE was inde-
pendently associated with decompensation after 
adjusting for relevant patient characteristics. 
Further among persons with compensated cirrho-
sis, the hazard for hepatic decompensation was 
1.42 (95 % CI 1.16–1.75) per unit increase in liver 
shear stiffness over time. The hazard of hepatic 
decompensation was 4.96 (95  % CI 1.4–17.0, 
p = 0.019) for a subject with compensated disease 
and mean liver stiffness value ≥5.8 kPa as com-
pared to an individual with compensated disease 
and lower mean liver stiffness values [47].

Other exciting yet novel applications of 
MRE are also currently being evaluated. This 
includes assessment of the role of elastography 
in prediction of decompensated disease after liver 
transplantation especially among persons with 
hepatitis C [48–50].

�Detection of Clinically Significant  
Focal Hepatic Lesions
With the growth in medical imaging, an increas-
ing number of individuals are being identified 
with incidental focal hepatic lesions. For most 
lesions, conventional imaging can identify radio-
graphic features of several benign lesions as well 
as those concerning for malignancy. Some 
lesions, however, remain indeterminate in nature 
despite multiple imaging studies. Recently, the 
technique of liver MRE was applied to character-
ize liver stiffness among a variety of benign and 
malignant lesions [51]. Among 64 patients with 
44 hepatic mass lesions, the mean stiffness of 
benign masses (9 hemangiomas, 3 focal nodular 
hyperplasias, and 1 hepatic adenoma) was 
2.7 kPa, which is consistent with the liver stiff-
ness of normal liver parenchyma. The mean stiff-
ness of malignant tumors was 10.1 kPa. In this 
series, a cutoff value of 5 kPa completely sepa-
rated all benign focal liver masses from malig-
nant lesions. In a case control study, liver stiffness 
as quantified by MRE was an independent risk 
factor for HCC (odds ratio 1.38 (1.05–1.84)) 
[52]. However, other studies have failed to show 
this association [53].

In current practice, an immediate potential 
utility for MRE is to improve the characterization 

of benign lesions which are atypical in presenta-
tion, especially when the distinction between 
atypical cavernous hemangioma, focal nodular 
hyperplasia, or hepatic adenoma from malignant 
disease is not clear from conventional imaging 
techniques [54]. However, the use of contrast-
enhanced techniques has been highly accurate for 
the diagnosis of hepatocellular carcinoma in 
patients with cirrhosis when lesions are at least 
2  cm in size, contain arterial hypervascularity, 
and have a delayed venous washout pattern [55]. 
While the application of MRE for hepatocellular 
carcinoma does not seem to provide obvious 
incremental diagnostic value, it remains to be 
seen whether tumor stiffness can predict 
responses to non-surgical therapies including 
ablative procedures and pharmacological thera-
pies. Furthermore, the measurement of liver stiff-
ness after chemotherapy for colorectal hepatic 
metastases may help to identify individuals who 
may be at risk for hepatic sinusoidal injury.
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           Introduction 

 Muscle tissue can be evaluated with both invasive 
and non-invasive techniques. Invasive methods 
include muscle biopsy and electromyography. 
Muscle biopsy determines the muscle composi-
tion while electromyography using needles can 
characterize the muscle contractile effi ciency. 
Non-invasive methods include palpation and 
imaging techniques such as ultrasound (US) and 
magnetic resonance imaging (MRI) which are 
useful for the quantifi cation of the morphological 
properties (muscle volume, cross sectional area, 
pennation angle). In addition to the structural 
parameters, it is also important to characterize the 
mechanical properties of the muscle, which acts 
as an active tissue composed of contractile (myo-
sin) and elastic passive (actin, connective tissue) 
components. Magnetic Resonance Elastography 
(MRE) is capable of quantifying the muscle stiff-
ness [ 1 – 3 ] from the displacement of shear waves 
inside the muscle and imaging its entire spatial 
distribution. Several studies [ 4 – 6 ] have developed 
and applied MRE technique to the skeletal muscle 
and reference values of the muscle stiffness have 

been established in order to provide clinicians 
quantitative stiffness measurement, allowing the 
differentiation of the healthy and pathological 
muscles based on stiffness values [ 7 – 9 ]. MRE may 
provide a better understanding of the structural 
and functional properties of muscle following 
treatment and therapy, and thus help prevent muscle 
disorders.  

    MRE of Muscle Technique 

 As the muscle is an active tissue, mechanical 
properties would be best assessed in both resting 
and active states. The MRE technique therefore 
needs additional experimental set up to assess 
mechanical properties under load conditions. 
The MRE technique described here is with thigh 
musculature as an example. The technique 
remains same for other skeletal muscles and body 
regions with suitable modifi cations for loaded 
conditions. 

 To investigate the mechanical properties of the 
thigh muscle, a MR compatible leg press was 
developed to measure the muscle stiffness in a 
relaxed and contracted condition [10 and 20 % of 
the maximum voluntary contraction (MVC)]. 
The volunteers lay down on the leg press with the 
shoulders maintained in a fi xed position inside a 
1.5 T MRI scanner (General Electric HDxt). The 
knee is fl exed at 30° and the right foot is placed 
on a footplate and secured with Velcro straps. 
The footplate is composed of a MR compatible 
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load cell to measure the developed force during 
the isometric contractions. A custom-made 
LABVIEW program records the developed 
forces and gives a visual feedback to the volun-
teer to ensure the desired force was maintained 
and reached for the time of the scan. 

 Different types of driver (mechanical or pneu-
matic) can be used to generate shear waves inside 
the thigh muscles [ 1 ]. The mechanical driver 
used to investigate muscles located near skin sur-
face and without thick adipose tissue above them. 
The pneumatic driver is useful to generate shear 
waves in deeply seated muscles. Thigh muscles 
are usually surrounded by subcutaneous tissue 
requiring the use of a pneumatic driver. This 
driver consists of a remote pressure source (i.e., a 
large active loudspeaker) connected to a long 
plastic tube similar to the MRE of liver technique 
described in Chap.   3    . A smaller silicone tube is 
wrapped and clamped on the thigh, one-third of 
the distance from the patellar tendon to the 
greater trochanter, and is connected to the remote 
pressure driver. This system will create a time 
varying pressure wave, which will cause the tube 
around the thigh to expand or contract with the 
remote driver at 90 Hz (f). A custom-made 
Helmholtz surface receive coil is also placed 
around the thigh for data acquisition.  

    MRE Sequence 

 A gradient echo (GRE) MRI sequence is used to 
obtain axial images of the thigh muscles where 
oblique scan planes for MRE acquisitions are 

prescribed though the investigated muscle. Then, 
MRE images reveal the target muscles where the 
propagation of the shear waves will be analyzed. 
MRE is performed with a 256 × 64 acquisition 
matrix (interpolated to 256 × 256), a fl ip angle of 
45°, and a 24 cm fi eld of view. Four offsets were 
recorded for each muscle in relaxed and con-
tracted (10, 20 % MVC) states. The scan time is 
52 s using a TR/TE of 100 ms/minimum full. 

 MRE technique provides anatomical images of 
the vastus medialis (VM) muscle (Fig.  7.1a ) as 
well as phase images (Fig.  7.1b ) showing the shear 
wave displacement within the muscle. A black 
profi le is manually placed in the direction of the 
wave propagation allowing the  quantifi cation of 
the wavelength ( λ ) that leads to the measurement of 
the shear modulus ( μ  =  ρλ  2  f  2 , with  ρ  = 1,000 kg/m 3  
for the muscle density) assuming that the muscle is 
linearly elastic, locally homogeneous, isotropic, 
and incompressible.

   To further characterize the micro structural 
changes occurring in muscle tissue, the visco-
elastic ( μ ,  η ) properties of the muscles as well 
as the subcutaneous adipose tissue can be 
determined with multifrequency MRE and 
different rheological models (Voigt, Zener, 
and springpot) [ 10 ]. 

 In addition, the attenuation coeffi cient ( α ) is 
calculated from the shear wave displacement 
amplitude in function of the distance. An expo-
nential fi tting curve. 

  A e −( αd )  is used to determine the attenuation 
coeffi cient, with  A  and  d  representing the dis-
placement amplitude value and the distance along 
the profi le, respectively. 

  Fig. 7.1     a : Anatomical image of the vastus medialis (VM) muscle.  b : Phase image with a black profi le drawn along the 
propagation of the shear waves.  c : Amplitude image resulting from the amplitude value of the fi rst temporal harmonic 
extracted at the driven frequency 90 Hz along each pixel.  d : Shear wave along the profi le       
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 A map of the shear modulus (Fig.  7.2 ) is gener-
ated from the wave displacement image using the 
Linear Frequency Estimate (LFE) algorithm [ 11 ] 
providing a spatial distribution of the muscle tissue 
stiffness. Assuming that muscle tissue is locally 
homogeneous, only the region of interest (ROI) 
around the prescribed profi le may be analyzed.

       Experimental Setup for Ultrasound 
Imaging 

 For comparative evaluation ultrasound can also 
be performed. Ultrasonic images are performed 
with B-mode using a standard ultrasound 
machine with suitable probe on the subject’s 
thigh who lays supine on the same previous leg 
press and with the same position as for the MRE 
test [ 12 ]. To visualize the anatomical structure 
located in the same area as the shear wave’s prop-
agation, the tube wrapped around the thigh is 
used as a reference in order to localize its inden-
tation observed on the MRI anatomical image 
(Fig.  7.3a ). Then, the ultrasound transducer is 
placed perpendicularly and moved around the 
tube until the visualization of the vastus medialis 
(VM) and sartorius (Sr) muscles (Fig.  7.3b ). 
Marks are done with a pen on the skin, to identify 
the placement of the probe which is the same for 

all experiments. Longitudinal ultrasonic images 
(resolution 960 × 720 mm) showing the parallel- 
oriented pattern of fascicles are recorded in both 
relaxed and contracted (10 and 20 % MVC) con-
ditions for each subject. Wave angle ( α _MRE, 
Fig.  7.3a ) and ultrasound fascicle angles ( α _US, 
Fig.  7.3b ) are calculated between the subcutane-
ous adipose tissue-muscle interface and the shear 
wave propagation, and the path of the fascicle, 
respectively. The accuracy of the measurement is 
0.5° and the reproducibility is about 6 %.

       Database of Thigh Muscle Stiffness 
Using MRE 

 A stiffness database of the vastus lateralis (VL), 
vastus medialis (VM), and sartorius (Sr) muscles 
has been established for adults volunteers (mean 
age = 25.2 ± 1.78) and the shear modulus mea-
sured at rest for VL, VM, and Sr are 3.73 ± 0.85, 
3.91 ± 1.15, and 7.53 ± 1.63 kPa, respectively [ 1 ]. 
The higher stiffness found for the sartorius indi-
cates that the propagation of the waves is related 
to the muscle architecture or orientation of the 
muscle fi bers. Indeed, vasti’s muscles are com-
posed of oblique muscle fi bers while the sartorius 
has longitudinally oriented muscle fi bers. In con-
traction, the stiffness of both vasti increased with 
the level of contraction, compared to the sartorius 
stiffness which remained the same, due to the 
applied isometric contraction which solicits only 
the knee extensors while the sartorius fl exes the 
knee. Bensamoun’s study (2006) has demon-
strated that MRE technique is able to determine 
the stiffness of different thigh muscles refl ecting 
the muscle architecture (unipennate, longitudi-
nal) and the muscle fi ber composition (type I, II).  

    Effects of Muscle Conditions 
(Relaxed and Contracted) and Age 
on the Shear Modulus 
and Attenuation Coeffi cient 

 Analysis of the shear modulus (Fig.  7.4a ) 
showed progressive muscle fi bers recruitment 
with the degree of contraction for young adults 
(24- 29 years) whereas middle-aged adults 

  Fig. 7.2    Cartography of the muscle stiffness       
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(52- 59 years) and children (8-12 years) have 
already reached their maximum recruitment 
(maximal stiffness) at 10 % of MVC.

   After 50 years of age, structural changes, 
such as increase of collagen cross-link and per-
centage of slow fi bers, force the muscle into 
developing a high stiffness to perform 10 % of 
MVC. Then, at 20 % of MVC the slight decrease 
of muscle stiffness may be also due to the ageing 
process, i.e. decline of the size and number of 
muscle fi bers with a fatty tissue infi ltration. At 
rest, muscle in children had a signifi cant lower 
shear modulus compared to those in adults which 
have similar stiffness [ 13 ]. The unorganized 
muscle structure in the young children (fi bers 

growing and ongoing structural organization) 
may explain this result which is also confi rmed 
with the high attenuation coeffi cient (Fig.  7.4b ) 
refl ecting a less compact media. However, at 
10 % MVC children revealed the highest muscle 
stiffness showing randomized muscle fi bers 
recruitment. 

 The attenuation coeffi cient represents the tex-
ture of the medium through which the shear waves 
are traversing. For instance, subcutaneous adipose 
muscle tissue had lower shear modulus ( μ _fat = 
1.73 ± 0.17 kPa) and higher attenuation coeffi cient 
( α _fat = 62.71 ± 4.52 m −1 ) compared to the ones of 
muscle tissue ( μ _muscle = 2.94 ± 0.20 kPa and 
 α _muscle = 50.14 ± 3.08 m −1 ).  

  Fig. 7.3    Propagation of shear wave and fascicle angles obtained with MRE ( a – c ) and ultrasound ( b – d ) techniques for 
adult and child muscle at rest. Profi les (P) were placed in the upper part (P1, P3) of VM and close to the aponeurosis 
(P2, P4) membrane       
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    Cartography (Mapping) of Stiffness 

 Useful information can be obtained by mapping 
stiffness of muscle in a ROI to see the differences 
between resting and contracted stages. At rest, the 
shear modulus map, whatever the age is, shows a 
homogeneous purple color in the ROI (Fig.  7.5a ) 
placed around the red profi le where the shear 
modulus is initially measured. The comparison of 
the shear modulus measured inside the ROI and 
along the red profi le was in the same location at 
rest and in contraction. Figure  7.5b  showed a 
shear modulus map with a diffuse distribution of 
colors, inside the ROI demonstrating the sensitivity 

of the shear waves to the muscle internal structure 
and more specifi cally to the contraction of the 
muscle fi bers.

       Comparison Between the Shear 
Wave ( α _MRE) and the Fascicle 
Angle ( α  _US) 

 The children showed angles ( α _MRE and  α _US) 
close to the zero value at rest revealing a muscle 
structure composed of parallel fascicles. At 10 % 
MVC, both angles signifi cantly increase ( α _MRE = 
11.6 ± 3.14° and  α _US = 10.6 ± 2.27°), indicating a 
parallel-oriented pattern of fascicles followed by 

  Fig. 7.4     a : shear modulus and  b : attenuation coeffi cient for children, young, and middle-aged adults when the muscle 
is relaxed and contracted       

  Fig. 7.5    Cartographies of shear modulus at rest ( a ) and contracted conditions ( b  and  c )       
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a plateau at 20 %. For adults, the propagation of 
the shear waves ( α _MRE = 13.7 ± 1.5°) as well 
as the pattern of fascicles ( α _US = 14 ± 0.98°) 
was already oriented (Fig.  7.3b ) when the 
muscle was relaxed. Then both angles slightly 
increase at 10 % MVC ( α _MRE = 16.8 ± 2.6° 
and  α _US = 15.4 ± 2.54°) and at 20 % MVC 
( α _MRE = 16.2 ± 2.29° and  α _US = 17.2 ± 2.44°) but 
not signifi cantly. Similar results between the direc-
tion of the wave’s propagation ( α _MRE) and the 
path of the fascicles ( α _US) for each muscle condi-
tion (relaxed and contracted) were found as well for 
children as for adults. This result suggests that the 
propagation of the shear waves follows the path of 
the fascicles refl ecting the muscle architecture.  

    Variation of the Shear Modulus 
Inside the Muscle 

 The measurements of the shear modulus (  μ ) inside 
the adults’ muscle in a relaxed state revealed a 
variation of 1 kPa along the thickness. The adult 
phase image (Fig.  7.3a ) showed the propagation 
of two distinct shear waves in the upper and lower 
part of the muscle leading to different shear 
stiffness. However, the propagation of the shear 
waves inside the muscle of children (Fig.  7.3c ) 
showed similar stiffness at the same localizations, 
represented by a unique wave traveling through 
the whole muscle. 

 The comparison of stiffness between the mus-
cle and subcutaneous adipose tissue showed 
signifi cant difference between the tissues, with a 
lower stiffness (1.73 ± 0.17 kPa) for the subcutane-
ous adipose tissue compared to the one of muscle 
tissue (2.94 ± 0.20 kPa) and this result was inde-
pendent of Body Mass Index of the subjects.  

    Clinical Application of MRE 
of Muscle 

    Evaluation of Thyroid Associated 
Myopathy with MRE 

 Graves’ disease is a common cause of hyperthy-
roidism which leads to variety of clinical symp-
toms including reversible skeletal muscles 

weakness. The cause for this skeletal muscle 
weakness is not exactly known. In one study, the 
stiffness of vastus medialis (VM) was assessed in 
hyperthyroid patients before and after medical 
treatment [ 5 ]. Healthy euthyroid and hyperthyroid 
subjects were tested using MRE, which involves 
the induction of shear waves in the thigh muscles 
using a pneumatic driver at 90 Hz. Among the pre-
treatment hyperthyroid cohort, a lower stiffness 
was found when the muscle was relaxed 
(2.11 ± 0.61 kPa) compared to the stiffness follow-
ing treatment of hyperthyroidism (5.52 ± 1.52 kPa), 
which is accompanied by an improvement in the 
contractile function of the VM. Pre-treatment 
muscle stiffness was also less than that of age 
matched healthy volunteers (4.56 ± 0.40 kPa). 
The behavior of the waves was sensitive to the 
stage of this myopathy and to the amount of free 
thyroxine levels in the serum (FT4). This study 
shows that MRE provides a non-invasive new 
tool to evaluate the pathophysiology of thyroid 
associated and other muscle diseases and assess 
their response to treatment.   

    Future Directions 

 MRE could be a potential clinical tool to charac-
terize the mechanical and the morphological 
properties of the muscle in patients suffering 
from neuromuscular disorders, particularly dur-
ing therapeutic trials. The studies performed on 
skeletal muscle through the use of MRE tech-
nique have demonstrated its capability to charac-
terize the muscle contractile properties in 
function of age refl ected by a mapping of the 
shear modulus in relation to the level of contrac-
tion. Thus, useful information about the spatial 
distribution of the contracted muscle area related 
to the physiological activity could be used. 

 In a study by Chen et al. [ 14 ] MRE of the upper 
trapezius muscle affected by myofascial pain was 
evaluated in order to visualize and to localize areas 
of higher stiffness when the muscle was relaxed. 
Muscle shear modulus measured at different loca-
tions revealed that adult muscle tissue is not a 
homogeneous media while children revealed a 
homogeneous media due to the ongoing growing 
process. Stiffness variation found for adult’s muscle 
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may be due to differences in fi ber tension, which 
seems to be tenser close to the aponeurosis. 
This information is of great importance for the 
follow-up of patients involving a stiffness mea-
surement always in the same muscle area. 

 Beyond the measured mechanical parameter, 
MRE can also provide architectural muscle 
parameter (fascicle angle) and can detect different 
physiological media. Indeed, stiffness of subcuta-
neous adipose tissue was found to be signifi cantly 
lower than the one measured in the belly muscle. 
This information is of great interest for future 
MRE experiments performed on patients with 
myopathy such as Muscular Duchenne Dystrophy 
since muscle fi bers are gradually replaced with 
adipose tissue. Moreover, the strong correlation 
between the orientation of the muscle fascicles 
and the direction of the shear wave propagation 
attest the assumption that the wave propagation 
refl ects the muscle geometry. 

 Localization of functional compartments 
within muscle groups and muscle motion can be 
performed using vibration MR imaging with 
MRE [ 15 ] and this may be complementary to 
electromyography for studying normal and abnor-
mal hand biomechanics and before surgical inter-
ventions such as tendon transfers or nerve grafting 
for delineating functional and non- functional 
muscles for effective interventions. 

 The association of MRE and ultrasound tech-
niques has demonstrated that the shear modulus 
is correlated to the muscle architecture. All of 
these additional data may be correlated to the 
mechanical properties, which can be used by cli-
nicians to quantify the effects of pathology and 
treatment, to track the progresses in rehabilitation 
and to improve treatment methods.     
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           Introduction 

 The human brain is perhaps the most imaged 
organ in the body. The brain is affected by many 
disorders including infections, stroke, tumors, and 
neurodegenerative disorders. Most of these cere-
bral pathologies can be detected and character-
ized by the existing state of the art imaging 
methods; however some diseases, such as neuro-
degenerative disorders like Alzheimer’s disease, 
still pose a challenge. Subtle structural alterations 
in the brain parenchyma occur in neurodegenera-
tive disorders that often go undetected with con-
ventional imaging techniques. Normal pressure 
hydrocephalus (NPH) is thought to be caused by 
changes in mechanical properties of the brain [ 1 ]. 
Assessing mechanical properties of brain may 
therefore be useful to detect the structural changes 
giving insights to diffuse pathological processes 
and a method to characterize focal lesions. 
Palpation of the brain has been limited to neurosur-
geons during open surgery and is qualitative. With 
the introduction of the MR Elastography (MRE) 
technique it is now possible to non-invasively 
evaluate mechanical properties of the brain 
parenchyma and intracranial tumors. 

 Quantitative measurement of viscoelastic 
properties of brain seated within the bony cra-
nium is challenging and magnetic resonance 
based elastography has recently been success-
ful in achieving this. Currently, several meth-
ods for generating and then imaging the 
propagating mechanical waves in the brain 
with MRE exist [ 2 – 5 ]. The MRE technique has 
been useful in demonstrating different visco-
elastic properties of the brain in Alzheimer’s 
disease [ 6 ], multiple sclerosis [ 7 ], and progres-
sive supranuclear palsy [ 8 ]. The technique of 
brain MRE continues to evolve with modifi ca-
tions to reduce imaging time and improve reso-
lution setting the stage for more clinical 
applications.  

    Performing Brain MRE 

 Several different methods for performing MRE 
of the brain have been described. The shear waves 
have been introduced into the brain using a elec-
tromechanical actuator [ 9 ], a thermoplastic bite 
block attached to actuator [ 10 ], a custom made 
cradle connected to a remote vibration generator 
“head-rocker unit” [ 4 ], and a soft pillow driver 
[ 6 ]. A novel method of MRE of brain using MR 
table vibrations resulting from fast switching of 
the gradient coils (TREMR) is possible [ 11 ]. 
MRE using intrinsic motion caused by pulsatile 
fl ow of blood/blood pressure termed as auto- 
elastography has also been described [ 11 ]. 
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We will describe here the MRE technique using 
soft pillow driver currently used in both research 
and clinical studies at our institute.  

    Driver 

 MRE of the brain is possible on both 1.5T and 3T 
MR scanners. The hardware required for the 
MRE is a soft pillow like vibration source using a 
pneumatic actuator. The active component of the 
actuator, located outside of the scan room, is 
comprised of a waveform generator, an amplifi er, 
and an acoustic speaker. The passive pillow-like 
component consists of a soft, inelastic, fabric 
cover over a porous, springy, mesh measuring 
15 × 9 × 1.5 cm. The soft vibration source is placed 
under the subject’s head within an 8- channel 
receive-only head coil (Fig.  8.1 ). The active and 
passive driver components are connected by a 
24-foot long, 0.75-inch diameter fl exible tube 
from the active driver terminating in a 0.5-inch 
diameter, 1.5-foot long tube integrated into the 
passive driver.

       Pulse Sequence 

 Brain MRE data is typically acquired using a 
modifi ed single-shot, spin-echo EPI pulse 
sequence. Shear waves of 60 Hz are introduced 
using the pneumatic active driver (located outside 
of the scanner room) and a soft, pillow-like pas-
sive driver placed under the subject’s head as pre-
viously described [ 6 ]. The resulting motion is 
imaged with the following parameters: TR/
TE = 3,600/62 ms; fi eld of view (FOV) = 24 cm; 
BW = ±250 kHz; 72 × 72 imaging matrix recon-
structed to 80 × 80; frequency encoding in the 
right-left direction; 3x ASSET (SENSE) accelera-
tion; 48 contiguous 3 mm thick axial slices; one 
4 G/cm, 18.2 ms, zeroth- and fi rst-order moment 
nulled motion encoding gradient on each side of 
the refocusing RF pulse synchronized to the 
motion; motion encoding in the positive and nega-
tive  x ,  y  and  z  directions; and eight phase offsets 
sampled over one period of the 60 Hz motion. The 
resulting images have 3 mm isotropic resolution 
and are acquired in less than 7 min.  

    Meningioma 

 The application of brain MRE to focal tumors has 
been proposed [ 12 ] and has already been found 
useful for evaluating meningiomas prior to resec-
tion [ 13 ]. Most meningiomas are characterized on 
MRI imaging by isointense T1 and T2 signal with 
uniform gadolinium contrast enhancement. 
However, despite their frequent uniform appear-
ance, their viscoelastic properties range widely 
from very soft and removable by suction to very 
stiff requiring extensive dissection including the 
use of ultrasonic aspirators. While it is known that 
extremely soft meningiomas are seen on MRI as 
increased T2 signal with decreased T1 signal, and 
that extremely stiff meningiomas present with 
decreased T2 signal, the physical characteristics 
of the vast majority of meningiomas are unknown 
prior to surgery [ 14 ]. This fact impacts clinical 
care because extremely stiff meningiomas, espe-
cially those located at the skull base, are associ-
ated with increased surgical risk due to the 

  Fig. 8.1    Soft pillow driver used to introduce shear waves 
into the brain positioned within a standard eight channel 
head coil       
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potential for damage to adjacent and encompassed 
arteries, veins, and nerves. Various techniques 
have been attempted to preoperatively identify 
stiffness including standard MRI [ 14 ,  15 ], MR 
spectroscopy [ 16 ], MR diffusion imaging [ 17 ], 
and CT [ 18 ]. 

 MRE has been shown to be a good preopera-
tive assessment tool for meningioma properties, 
improving both risk assessment and patient 
management [ 13 ]. A series of meningiomas 
were evaluated using a fi ve grade scale, ranging 
from soft and 100 % removable with suction to 
uniformly hard, requiring that most of the tumor 
be removed with ultrasonic aspiration (Fig.  8.2 ). 
Meningioma stiffness measured by MRE com-
pared to the surgeons’ qualitative assessment of 
tumor stiffness determined at the time of sur-
gery showed stiffness signifi cantly correlated 

with the qualitative assessment at surgery 
( p  = 0.023) [ 13 ].

   The introduction of high resolution MRE with 
3 mm isotropic spatial resolution has allowed the 
identifi cation of internal heterogeneity within 
meningiomas (Fig.  8.3 ). As meningiomas enlarge 
the internal tumor components may develop vari-
able regions of stiffness. Often calcifi cation either 
on the tumor surface or internally leads to consid-
erable stiffening. Also, the density of the fi brotic 
components of tumor without frank calcifi cation 
may lead to very stiff tissue. Internal necrosis due 
to ischemic or hemorrhagic change may result in 
regional softening (Fig.  8.3 ). To provide the sur-
geon with a preoperative map of the variable 
internal tissue characteristics may lead to altered 
surgical plans with a safer potentially more com-
plete resection of the lesion.

  Fig. 8.2    Approximate 6 × 3.5 cm dural based extraaxial tumor with mildly increased T2 signal ( a ) and isointense T1 
signal ( b ). Relatively uniform contrast enhancement following the administration of gadolinium contrast ( c ). Wave 
image ( d ) and the elastogram ( e ) show the meningioma is softer than surrounding brain tissue. This was confi rmed at 
surgery where the lesion was easily resected with suction       
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       Glioma 

 Gliomas are the most frequent type of primary 
tumors arising in the brain. A biopsy is required 
for accurate pathologic characterization of the 
tumor grade and is based on the World Health 
Organization grading system [ 19 ]. The most com-
mon type of gliomas are astrocytomas which are 
classifi ed as pilocytic astrocytoma (grade I), low-
grade astrocytoma (grade II), anaplastic astrocy-
toma (grade III), and glioblastoma multiforme 
(grade IV). While standard imaging fi ndings can be 
suggestive such as the presence of contrast enhance-
ment and necrosis, no non- invasive technique 

exists for the preoperative classifi cation of glioma 
tumor grade [ 20 ]. The potential exists that the 
addition of stiffness information may allow 
improved preoperative characterization of glioma 
subtypes (Fig.  8.4 ).

   The possibility of utilizing MRE as a biomarker 
to determine cancer therapy response has already 
been demonstrated in non-Hodgkin’s lymphoma 
and colon cancer [ 21 ,  22 ]. Following chemother-
apy, MRE measured a signifi cant decrease in tumor 
stiffness before a clinically signifi cant change in 
tumor volume, suggesting MRE may offer an ear-
lier indication of treatment response compared 
with current clinical methods. Changes in the 
mechanical properties of the extracellular matrix 

  Fig. 8.3    Example of an approximate 4 cm right posterior fossa meningioma with varied internal viscoelastic character-
istics. MRI T1 weighted post gadolinium image from 2011 demonstrates uniform enhancement throughout the lesion 
( a ). T2 weighted image from a followup 2014 exam shows the interval development of surrounding vasogenic edema 
and increased mass effect ( b ). T1 weighted post gadolinium image shows central loss of contrast enhancement that cor-
responded to histological changes of hemorrhagic necrosis ( arrow   c ). CT demonstrated peripheral calcifi cation ( d ). 
Wave image shows the shear wavelength is longer in this stiff meningioma ( e ). Elastogram shows heterogeneity corre-
sponding to the very stiff peripheral tumor and soft central necrosis ( arrow   f )       
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have been shown to infl uence cancer progression 
[ 23 ], where stiffening of the matrix promotes the 
spread of malignant cells. MRE is capable of quan-
tifying change in the tissue mechanical properties, 
and may be able to identify increased brain tissue 
stiffness surrounding the tumor that may indicate 
the spread of disease. A noninvasive assessment of 
tumor spread and a prediction of recurrence would 
have a signifi cant impact on patient care.  

    Pituitary Adenoma 

 Pituitary adenomas are a common tumor of 
pituitary gland that may result in abnormally 
increased hormone production. Some adenomas 

are not associated with endocrine changes and as 
a result may reach large size before indirect 
symptoms lead to their discovery. When possible 
transsphenoidal is the preferred surgerical 
approach for resection of the tumor [ 24 ]. Surgical 
risk increases with increased size, lobulation, 
invasion of the adjacent cavernous sinuses, and 
increased stiffness of tumor [ 25 ]. Soft lesions are 
often removed with suction through a transsphe-
noidal approach. However, stiff lesions can be 
very diffi cult to remove in large part due to the 
limited surgical operating fi eld of view and there-
fore an open craniotomy is preferred. MRE offers 
a preoperative evaluation of tumor stiffness and 
improved surgical planning for the safest resection 
technique (Fig.  8.5 ).

  Fig. 8.4    Example of an oligodendroglioma in a 34 year old female discovered following a single seizure. T2 weighted 
image demonstrates an infi ltrative lesion with involvement of both the white matter and overlying cortex with enlarge-
ment of the gyri typical of oligodendroglioma ( a ). Low T1 signal is seen before the administration of gadolinium ( b ) 
with no defi nite enhancement demonstrated ( c ). Wave image ( d ) and elastogram ( e ) shows the tumor to be softer than 
surrounding normal brain tissue       
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       Demyelination 

 MRI plays a prominent role in the diagnosis and 
management of demyelinating diseases such as 
multiple sclerosis (MS). MS is an immune medi-
ated disease in which monocytes and T-cells 
induce an infl ammatory response that causes 
both demyelination and degeneration of axons 
and gliosis. As the body’s immune cells damage 
the myelin, axons lose the ability to conduct elec-
trical signals resulting in functional impairment. 
Recent studies demonstrate that the brain tissue 
involved in MS is not confi ned to the white mat-
ter, and there is a growing understanding of the 
role of cortical involvement [ 26 ]. MS is thus con-
sidered a diffuse disease of the central nervous 
system. Neuroimaging has come to be a standard 
tool for diagnosing MS. Gadolinium enhancement, 

the result of a breakdown of the blood–brain-
barrier, is one of the earliest imaging fi ndings and 
typically indicates active disease. The McDonald 
criterion, introduced in 2001 for the diagnosis of 
MS, gave MRI a major role [ 27 ]. MRI also has 
been used as a surrogate for clinical trials of new 
treatments. However, standard MRI fi ndings are 
not always strongly correlated with disease sever-
ity or predictive of future relapse [ 28 ], a situation 
referred to as the “clinicoradiologic paradox.” To 
overcome this conundrum, a technique such as 
MRE that evaluates the structural integrity of brain 
tissue may have a role by characterizing tissue 
alterations not detected by standard imaging. 

 Wuerfel reported the results of an MRE study 
in which four different driver frequencies were 
used in 45 patients with mild relapsing-remitting 
MS. The study was conducted with a 1.5T scanner 
with a single-shot spin-echo EPI sequence [ 7 ]. 

  Fig. 8.5    Very large sellar mass invading the left cavernous sinus and clivus extending into and fi lling the sphenoid sinus 
which was demonstrated to represent a null cell pituitary adenoma. Coronal imaging shows the tumor to be essentially 
isointense to brain tissue on T2 weighted ( a ) and T1 weighed ( b ) sequences. Mildly irregular enhancement is seen fol-
lowing the administration of gadolinium ( c ). Wave image ( d ) and elastogram ( e ) shows the tumor to be softer than brain 
tissue which was confi rmed when the tumor was removed       
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They found that at 62.5 Hz, there was a 13 % 
decrease in the viscoelasticity in MS patients 
compared to matched healthy controls. This 
decreased stiffness was independent of standard 
MRI fi ndings such as volume of T2 signal 
 abnormality or enhancement. A follow-up study 
was conducted on 23 patients, focusing on chronic- 
progressive MS and utilizing similar techniques 
[ 29 ]. In these chronic MS patients the reduction in 
stiffness was 20 %. This decreased stiffness was 
independent of age, brain parenchymal fraction, 
and total brain volume in a multivariate analysis. 
The larger reduction of stiffness in chronic- 
progressive MS may well refl ect the mechanical 
disruption of the underlying brain parenchyma due 
to extended exposure to the infl ammatory effects 
of the disease.  

    Hydrocephalus and NPH 

 Hydrocephalus occurs with the expansion of the 
ventricular system resulting from increased intra-
ventricular pressure due to obstruction of the 
ventricular outlet, obstruction of CSF resorption 
by the arachnoid villi or rarely overproduction of 
CSF. Pattison investigated an experimental model 
of hydrocephalus in cats induced by intrathecal 
injection of kaolin [ 30 ]. Twelve cats were injected 
into the cisterna magna with typical dose of 
kaolin 10 mg in 0.25 ml saline while six normal 
controls with injection of normal saline. A repre-
sentative cat had global shear modulus at base-
line of 5.5 increased to 9.4 kPa. T2 weighted 
imaging demonstrated an increase in ventricular 
size from 0.2 to 1.49 cm 3  ( p  < .0001) in the kaolin 
injected cats while the controls experienced a 
non-signifi cant increase in ventricular volume. 

 NPH was described by Adams et al. [ 31 ]. The 
classic symptom triad includes cognitive impair-
ment, urinary incontinence and gait disturbance, 
but the diagnosis can be challenging. The inci-
dence of clinically suspected NPH is estimated 
at 3.74/100,000/year for the total population and 
at 15.20/100,000/year for the population older 
than 50 years [ 32 ]. Cross sectional imaging dem-
onstrates enlarged ventricles out of proportion to 
the size of the sulci but increased intracranial 

pressure is not found by diagnostic lumbar 
puncture is performed. However, clinical 
improvement results from therapeutic drainage 
of CSF either for diagnostic purposes (such as a 
50 cc diagnostic tap) or with placement of a 
ventricular shunt tube. The etiology of NPH 
remains elusive. 

 Streitberger et al. studied changes in brain vis-
coelastic properties resulting from NPH in 20 
patients with a mean age of 69 and in 25 age 
matched normal controls (33_ENREF_33). MRE 
exams were performed using a 1.5T system with 
a head cradle to induce shear waves. The com-
plex shear modulus calculated at 62.5 Hz was 
2.42 kPa for the NPH subjects compared to 
2.66 kPa for the normal controls with a decrease 
in elasticity for the NPH subjects corresponding to 
an increase in the compliance of the brain tissue 
(Fig.  8.6 ).

       Alzheimer’s Disease 

 The symptoms of Alzheimer’s disease (AD) 
include progressive decline in memory, cognitive 
abilities, language, and motor skills. AD pathol-
ogy includes the accumulation of extracellular 
amyloid plaques, intracellular neurofi brillary 
tangles, and neurodegeneration. These abnormal 
proteins are many magnitudes greater in stiffness 
than brain parenchyma, and it was assumed that 
the impact of their accumulation would increase 
brain stiffness in AD patients. 

 To assess the impact of AD on the viscoelastic 
properties of the brain, we conducted a study of 28 
subjects, including 7 with probable AD, 14 age 
and gender matched cognitively normal controls 
without elevated levels of amyloid and 7 age and 
gender matched cognitively normal controls with 
elevated levels of abnormal amyloid. The MRE 
results showed signifi cantly less brain stiffness in 
AD subjects compared to both groups of controls 
(Fig.  8.7 ). The median stiffness of the cognitively 
normal controls without amyloid was 2.37 kPa; 
the median stiffness for cognitively normal group 
with abnormal amyloid was 2.32 kPa; and the 
median stiffness for the AD group was 2.20 kPa. 
The cognitively normal groups did not differ from 
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  Fig. 8.6    Normal pressure hydrocephalus in a 75 year old male who had symptoms and imaging consistent with NPH 
including enlarged ventricles out of proportion to the size of the sulci and a CSF fl ow study with hyperdynamic CSF 
fl ow ( upper set  of images) compared with an age matched normal male ( lower set  of images). T2 FLAIR images dem-
onstrate the enlarged ventricles of the NPH patient compared to the control ( a ). Wave images ( b ) and elastograms ( c ) 
show the brain parenchyma is softer in the NPH patient       

  Fig. 8.7    Eight-nine year 
old with Alzheimer’s 
( lower set of images ) 
compared with a 93 year 
old cognitively normal 
control ( upper set of 
images ). Wave image ( c ) 
and elastogram ( d ) 
demonstrate that the brain 
parenchyma is softer in the 
Alzheimer’s disease 
subject compared to the 
wave image ( a ) and 
elastogram ( b ) of the 
normal control       
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each other ( p  = 0.85), however the AD group had a 
signifi cantly lower stiffness than the control group 
without amyloid ( p  = 0.0015) and the group with 
amyloid ( p  = 0.026).

       Conclusion 

 Brain MRE has been technically challenging to 
develop but already has demonstrated clinical util-
ity in both diffuse and focal diseases. Continued 
development of the technique will expand our 
understanding of neurological process and disease 
as well as offer improved patient care.     
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�Anatomy, Physiology, 
and Mechanical Basis for Lung 
Function, Disease Initiation, 
and Progression

The respiratory system consists of the nasal and 
oral cavities, the larynx and trachea, bronchi and 
lungs. The conical shaped left and right lungs are 
dissected by fissures that further sub divide the 
lung into individual lobes (two within the left and 
three within the right lung). Each lobe consists of 
both conductive (trachea and bronchi) and func-
tional units (alveoli). Conductive tissues facili-
tate gas flow into and out of the lung while 
functional units perform the task of exchanging 
O2 and CO2 into and out of the blood supply 
respectively. While the lungs perform several 
functions including maintenance of acid-base 

balance, phonation, pulmonary defense, and 
metabolism and the handling of bioactive materials, 
their primary function is gas exchange [1].

In terms of tissue mechanical properties, the 
lungs exist in a state of constant pre-stress as a 
result of the dynamic interplay between transpul-
monary pressure, the elastic properties of lung 
parenchyma, and the surfactant induced surface 
tension forces. Under normal conditions a 
dynamic balance between the intrinsic and 
applied forces is maintained with stress being 
distributed throughout the connective tissue net-
work of the parenchyma [2]. Disease processes 
such as interstitial lung disease (ILD) are known 
to perturb this balance, resulting in changes to 
both local and global tissue mechanics [3].

Although the link between lung mechanics and 
disease initiation and progression is generally 
appreciated, the ability to assess, in particular at 
the regional level remains limited. Several meth-
ods exist to provide various measures of lung 
function including direct mechanical testing, 
bronchoscopy with bronchoalveolar lavage, spi-
rometry-based pulmonary function tests, arterial 
blood gas analysis, and several imaging based 
methods including conventional radiography, 
computed tomography (CT), and magnetic reso-
nance (MR) imaging methods. While each of 
these tests provides important diagnostic informa-
tion, their common limitation is the inability to 
quantitate the intrinsic mechanical properties of 
lung parenchyma in  vivo. Within this context, 
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Magnetic resonance elastograpy (MRE) has the 
potential to address this fundamental limitation 
by providing information on regional tissue 
mechanical properties.

�Challenges to Visualizing Shear 
Waves within the Lung

As with all other organs, MRE requires as a first 
step the ability to clearly visualize propagating 
shear waves within the phase-difference MR 
images acquired during and MRE experiment. 
Unlike solid organs such as the liver, the lungs 
pose unique challenges that can be categorized 
into three distinct groups that include;

�Tissue Density and Susceptibility 
Induced Signal Loss

Solid organs such as the liver and muscle are gen-
erally assumed to have a uniform physical density 
approximately equal to 1,000 kg/m3. Because of 
the highly porous nature of the lung, the density 
of lung is considerably lower, ranging from 
approximately 400 to 900 kg/m3 for normal and 
severely edematous lung respectively [4]. The 
direct consequence of this decrease in physical 
density is an appropriate scaling of the native MR 
signal. For a normal lung at least a 2.5 fold 
decrease in the MR signal can be expected due to 
physical density changes alone. Throughout the 
respiratory cycle, lung density can also be 
expected to change by a further factor of approxi-
mately two [5]. There are two direct conse-
quences of this decrease in physical density, the 
first being an appropriate decrease in the MR sig-
nal, as measured by the signal-to-noise ratio 
(SNR), and secondly there is a need to apply an 
estimate of tissue density that reflects the actual 
density of the lung under interrogation. In gen-
eral, higher MR SNR is sought to either improve 
spatial resolution or decrease imaging time. 
However, because MRE is a phase-contrast-based 
method, calculation of shear modulus is relatively 
insensitive to loss of SNR of the magnitude infor-
mation as long as sufficient phase coherence can 

be maintained so as to accurately encode the 
propagating shear wave. Because lung density 
cannot be assumed to be constant throughout the 
respiratory cycle or equal to that of solid organs 
(1,000 kg/m3), a more accurate estimate must be 
obtained if shear stiffness estimates are to repre-
sent the intrinsic mechanical properties of the 
lung. A first order approximation of a global 
density less than 1,000 kg/m3 can be obtained by 
referring to prior published values for normal and 
diseased lungs while regional estimates can be 
obtained from MR-based measurements using 
MR imaging techniques such as T2 or T2* 
weighted images [6].

Although a decrease in the physical density of 
the lung will compromise the SNR of the MR sig-
nal, susceptibility induced signal loss, as mea-
sured by the T2* relaxation parameter, is the 
dominant factor that, in comparison to solid organ 
MR imaging makes lung MR signal starved. The 
complex organizational structure of the lung 
whose design is optimized to provide maximum 
surface area between air spaces and lung paren-
chyma necessary for gas exchange results in a T2* 
of the order of 1–2  ms [7], a 40-fold decrease 
compared to the typical T2 value of lung of 80 ms 
[8]. Coupled with a relatively long T1 relaxation 
value of ~830 ms [8], the lung is suited to neither 
spin-echo or gradient-echo based pulse sequences. 
Lung imaging with gradient-echo pulse sequences 
is restricted to those sequences in which the TE is 
of the order of the T2* of lung so as to maintain 
enough SNR to encode the resultant image echo 
(for a T2* of 2 ms, ~63 % of the signal will be lost 
for a TE of 2 ms). Spin-echo based techniques can 
be applied to overcome some of the limitations of 
an ultrashort T2* with the provision that the TE of 
the imaging sequence must be sufficiently short 
in order to overcome intravoxel phase dispersion 
and the subsequent formation of an image echo. 
The relatively long T1 of the lung also requires a 
longer TR of the imaging sequence which has 
implications for overall scan time and hence the 
ability to acquire sufficient MRE phase offset 
data within a typical breath hold. Techniques to 
address the limitations imposed as a result of ultra 
short T2* values will be discussed in proceeding 
sections.
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�Volumetric Changes and 
Cardiac Motion

Volumetric changes of the lung throughout the 
respiratory cycle, coupled with cardiac motion 
represent two unique challenges to performing 
MRE. For normal adults, the volume of the lung 
can increase from the residual volume by at least 
4.5 L until total lung capacity has been reached 
[1]. Not only does this result in a decrease in 
physical density (as well as a shortening of the 
T2*) of parenchyma but it also alters the intrinsic 
mechanical properties of the lung. Ex vivo ani-
mal studies have demonstrated that both the bulk 
and shear modulus are linearly related to trans-
pulmonary pressure, Ptp and that both increase 
with increasing pressure [9–11]. The conse-
quence of an increasing shear modulus with 
inflation pressure means that, in order to provide 

an accurate and reproducible estimate of shear 
modulus, the MRE acquisition sequence must be 
performed at a constant value of Ptp by using 
either some form of respiratory gated imaging 
method or by performing imaging within a single 
breath hold. In addition, the effects of respiration 
on shear wave propagation remains generally 
unknown. Cardiac motion introduces an addi-
tional source of signal perturbation due to the 
effects of both pulsatile blood flow as well as 
bulk motion of the heart itself. These two effects 
introduce ghosting artifacts and signal loss that 
affects both the magnitude and phase of the MR 
signal within the lung. The effect of cardiac 
motion is demonstrated in Fig. 9.1, which shows 
both axial magnitude and phase spin-echo MRE 
images of a porcine lung before and after sacri-
fice. While the imaging parameters are identical, 
Fig. 9.1a was acquired when cardiac motion was 
present while Fig.  9.1b was acquired without 

Fig. 9.1  In vivo axial spin-echo MRE magnitude and phase-difference data obtained from an anesthetized pig before 
(a, c) and immediately following (b, d) expiration. The green arrow shows the shear wave within the lung, emanating 
from the anterior chest wall and can be clearly identified when cardiac motion is absent (d). In the presence of cardiac 
motion, severe ghosting corrupts the phase-difference image (c)
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cardiac motion. In both the magnitude and phase 
images of (a), ghosting and signal loss are pres-
ent while in the absence of this effect, the heart is 
easily visualized and more importantly, the mag-
nitude and phase images are artifact free. The 
presence of such severe artifacts suggests that 
some form of cardiac triggered MRE data acqui-
sition will be necessary in order to acquire lung 
MRE data in vivo.

�Shear Wave Driver Technology

The thoracic cavity, rib cage, and pleural space 
pose unique challenges to the generation of uni-
form plane shear waves within the lung. 
Successful translation of MRE from the research 
environment into routine clinical practice will 
most likely be achieved through the use of so-
called passive drum drivers in which the vibra-
tion of a flexible membrane on the surface of the 
driver in contact with the skin of the patient pro-
duces the necessary shear wave by means of 
mode conversion of longitudinal waves. Ideally, as 
little as possible tissue should separate the organ 
under interrogation and the driver membrane. 
Additionally, the tissue should be able to act as 
an effective couple between the driver and organ. 
The presence of the thoracic cavity, defined by 
the boney rib cage and intercostal muscles repre-
sents an effective rigid structure that serve to 
absorb a significant amount of energy transmitted 

from the driver face. The presence of the pleural 
space filled with pleural fluid further attenuates 
vibrations. A considerable effort is currently 
underway to investigate novel methods of shear 
wave generation as well as driver designs to over-
come these limitations. Despite these challenges, 
Fig.  9.1b demonstrates that, even with existing 
passive driver technologies, shear waves can be 
generated within the lung in vivo.

�Conventional (1H) MRE Methods

The application of 1H imaging for lung MRE has 
several advantages when compared to those tech-
niques that employ exogenous contrast agents (see 
proceeding section) including the availability of 
numerous MRE pulse sequences that require rela-
tively minor modifications and the lack of addi-
tional specialized hardware beyond the MRE 
driver technology used for shear wave generation.

As described previously, the ultra short T2* of 
lung parenchyma imposes limitations on the type 
of imaging sequence as well as specific parameters 
chosen for lung MRE. Consequently, the majority 
of work published thus far has focused on the 
development of spin-echo based 1H MRE imaging 
techniques. Figure 9.2 shows the first in vivo 1H 
spin-echo MRE lung images acquired from a nor-
mal volunteer. The four phase offsets were 
acquired during separate breath holds of 32 s while 
each phase offset was acquired with the following 

Fig. 9.2  Magnitude and phase-difference images acquired from a spin-echo MRE pulse sequence in a normal volun-
teer. The phase-difference images obtained at four equally spaced temporal offsets show the propagation of the shear 
wave from the lateral chest wall towards midline. Data reproduced from Goss et al. [12]
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imaging parameters: TR/TE = 250/17  ms, kx/ky = 
128/128, and a receiver bandwidth of 64  kHz. 
Shear waves were generated from a passive driver 
located at the lateral chest wall at a frequency of 
40 Hz and can be seen propagating away from the 
chest wall towards midline [12].

The choice of imaging parameters (i.e., TR 
and TE) for SE MRE applications is dictated by 
several tradeoffs. The choice of TR is governed 
by the balance between sufficient time for T1 sig-
nal recovery (choice of longer versus shorter TR) 
and sufficiently short imaging time to allow 
breath hold acquisitions (shorter versus longer 
TR). Similarly, the choice of TE is determined by 
the compromise between the need for a short as 
possible TE value to minimize intravoxel phase 
dispersion and signal loss and a longer TE in 
order to encode cyclic displacements at frequen-
cies between the tens to hundreds of Hertz. In 
general, the choice of TR is based on the need to 
reduce overall imaging time. While the magni-
tude of the MR signal is affected by choice of TR, 
the phase of the signal, in which shear wave dis-
placements are encoded is less so and as such 
shorter TRs are generally preferred. For both 
ex vivo, in vivo animal and human studies [12, 13], 
TRs of between 200 and 300  ms are typically 
used, making these imaging sequences highly T1-
weighted. The overriding consideration for the 
choice of TE value is to make this parameter as 
short as possible. TEs can be minimized by 
choosing a driving frequency of the passive driver 
system to be several hundred Hertz as opposed to 
the typical value for the majority of abdominal 
MRE applications which is of the order of 
40-60 Hz. With a driving frequency of 200 Hz, a 
TE of 22 ms can be achieved [13]. However, a 
disadvantage of the use of these relatively high 
frequencies is the decreased efficiency of gener-
ating longitudinal sound waves necessary to 
vibrate the passive driver as well as the increased 
attenuation of mode converted shear waves at 
these higher frequencies resulting from the vis-
cous properties of tissue. The former problem 
can be partially overcome by increasing the driv-
ing voltage of the audio speaker used to generate 
the longitudinal sound waves. However, this 
poses increased performance requirements both 

in terms of the audio speaker as well as driving 
amplifier. In conventional spin-echo MRE pulse 
sequences, the interval between the 90° and 180° 
RF pulse is typically used to encode a single 
period of the shear wave motion. Thus, since 
shear frequency is inversely proportional to period, 
higher frequencies will reduce the period or time 
interval necessary to encode shear wave induced 
displacements and hence produce a lower TE.

To address the limitations of existing spin-
echo MRE pulse sequences new, novel methods 
are currently being developed to both reduce the 
frequency of the longitudinal wave source while 
simultaneously reducing TE.  These methods 
include reduction of the motion encoding gradi-
ent (MEG) duration and the incorporation of the 
MEGs into the crusher gradients which are typi-
cally played out on either side of the slice selec-
tion gradient of the 180° refocusing pulse. By 
incorporating the MEGs in this manner, the TE of 
the imaging sequence can be decreased signifi-
cantly compared to the conventional spin-echo 
MRE pulse sequence. This is demonstrated in 
Fig.  9.3a, b which shows a conventional spin-
echo based MRE pulse sequence with a bipolar 
16.66 ms MEG pair with a TE of 44 ms and a 
modified spin-echo MRE pulse sequence with a 
TE of 10  ms respectively. The pulse sequence 
shown in 3a has the maximum sensitivity for 
60  Hz shear motion. To achieve the pulse 
sequence design shown in 3b, the bipolar MEG 
pair was split into two 8.33 ms MEG lobes, each 
placed on either side of the 180° pulse. In this 
example the MEG lobes act as both motion 
encoding and crusher gradients.

�Hyperpolarized Gas Imaging  
of Lung Parenchyma

A novel method of addressing the limitations 
imposed by the ultra short T2* of lung paren-
chyma is to introduce an exogenous contrast 
agent in which the T2* of the agent is much lon-
ger than that of the surrounding parenchyma. 
Under these circumstances either gradient or 
spin-echo imaging sequences can be used for 
lung MRE. One such family of agents are Noble 
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gas isotopes such as 3He and 129Xe which have 
been successfully employed to evaluate a variety 
of lung MR imaging applications including static 
and dynamic perfusion, diffusion [14], ventila-
tion [15], and response to methacholine and exer-
cise challenge [16]. Because these agents have an 
odd atomic mass number, they have a net mag-
netic moment that can be used as a contrast agent, 
similar to conventional 1H imaging. However, 
such agents typically have a relatively low net 
magnetic polarization under thermal (i.e., room 
temperature) conditions. The small signal result-
ing from the gas can be overcome by the process 
of hyperpolarization in which the polarization of 
the gas is increased from approximately 1 × 10−6 
to approximately 10−1 [17]. Hyperpolarization is 
complex and expensive and as such, the concept 
of a centralized polarization facility has been 
developed to distribute the gas to sites that do not 
possess the necessary polarization hardware [17].

While hyperpolarized Noble gases can be 
used for both gradient and spin-echo imaging, the 
majority of applications have involved ultra fast 
gradient-echo imaging sequences using very 
small flip angles (<10°). This is because the mag-
netization achieved by means of hyperpolariza-
tion is non-renewable. The use of low flip angle 
gradient-echo pulse sequences ensures that suffi-
cient magnetization will be available throughout 

the acquisition of all image echoes necessary for 
image formation. The use of ultra fast gradient-
echo sequences has an additional advantage in 
that imaging can be performed on the order of 
several seconds, well within the breath hold time 
for some of the most ambulatory patients.

Figure  9.4 shows an example of performing 
MRE using a gradient-echo based MRE pulse 
sequence using hyperpolarized 3He in an ex vivo 
porcine lung. In this instance the imaging param-
eters were as follows; TR/TE = 100/8.3  ms, 
kx/ky = 128/64, bandwidth = 32  kHz, and field of 
view of 20 cm [13]. The presence of a shear wave 
emanating from the driver plate, as seen in the 
phase-difference images demonstrates that diffu-
sion of the hyperpolarized gas within the respira-
tory zone of the lung is sufficiently restrictive so 
as to allow coherent phase accumulation of the 
magnetization of the gas and thus encode the 
displacement of the shear wave as it propagates 
throughout the lung. This suggests that  
hyperpolarized Noble gases have the potential for 
use as a contrast agent for lung MRE and that, 
while gases do not support shear, shear wave 
displacements can be encoded into the magneti-
zation of a hyperpolarized gas because of gas 
trapping within the respiratory zone of the lung. 
The reconstructed shear wave map or elastogram 
also demonstrates regional changes in shear 

Fig. 9.3  (a) Conventional spin-echo based MRE pulse sequence with 16.66 ms bipolar MEG pair and a killer gradient 
on each side of the refocusing pulse, having a TE of 48 ms. (b) Modified MRE pulse sequence with two, 2 ms gradient 
lobes acting as MEG as well as a killer gradient having a TE of 10 ms
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modulus throughout the lung, most likely due to 
the relatively higher pressure of the regions of the 
lung about the bronchi present within the imag-
ing slice, from which the gas is perfusing from.

An important consideration in performing 
MRE of the lung using a hyperpolarized gas is 
the effect diffusion induced signal loss as a result 
of application of the MRE MEGs. Diffusion 
induced signal loss is described by the equation: 
S/So = e− b ⋅ ADC where S/So is the ratio of the signals 
with and without diffusion sensitized gradients, b 
the so-called b-factor which is a function of the 
diffusion gradient waveform and the ADC or 
apparent diffusion coefficient [8]. MRE MEGs 
are similar to diffusion gradient waveforms 
because they are designed to accumulate zero 
phase for static tissue and as such, depending 
upon the amplitude of the MEGs, MRE images 
can be considered highly diffusion weighted. 
This is especially true for highly mobile small 
molecules such as 3He in the gaseous form. To 
appreciate the significance of this affect, con-
sider the difference in diffusion between unbound 
water at 25 °C (ADC = 2.4 × 10−5 cm2/s [8]) versus 
that of 3He. In vivo calculations of the ADC in 
normal volunteers of 3He have estimated this 
value to be approximately 0.25 cm2/s [18, 19] or 
~105 times greater than extracellular water. For a 
single bipolar rectangular MEG MRE waveform 
added to a GRE pulse sequence, the b value is 
given by the relationship: b = 2γ2G2δ3/3 where γ is 
the gyromagnetic ratio, G the amplitude of the 
gradient waveform, and δ the temporal duration 
of a single gradient lobe [8]. Figure 9.5 is a two-
dimensional plot of the ratio S/So for a rectangu-
lar MRE motion encoding waveform as a 
function of the amplitude, G, and frequency of 
the waveform. The rectangle indicates the zone 
in which MRE experiments are typically per-
formed. That is, gradient amplitudes between 5 
and 17.5  mT/m and motion sensitization fre-
quencies between 75 and 250  Hz. Within this 
zone the signal loss due to diffusion ranges from 
10 to 90 %. While this signal loss will reduce the 
SNR of the magnitude data, it is the phase image 
that contains the shear displacement information. 
Therefore, careful choice of MRE parameters 
will ensure that the measurement of cyclic coher-
ent motion due to wave propagation is indepen-
dent of the effects of diffusion.

Fig. 9.4  Magnitude, phase difference, and reconstructed 
elastogram of an ex vivo porcine lung infused with hyper-
polarized 3He and imaged with a gradient-echo MRE 
pulse sequence. The phase-difference images are acquired 
at four different temporal offsets and show the propaga-
tion of the shear wave from the driver plate in the lung that 
is sitting on the driver plate. In contrast, the opposite lung 
in which no mechanical energy is supplied do not show 
signs of shear waves. The reconstructed elastogram shows 
increased stiffness about the bronchi, indicating that gas is 
perfusing into the lung. Data reproduced from McGee 
et al. [13]
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�Future Directions

Despite the technical challenges, lung MRE con-
tinues to be an active field of research. Two such 
areas involve the development of more accurate 
models of lung density and improved inversion 
algorithms that more closely describe shear wave 
propagation within the honeycomb-like structure 
of lung parenchyma.

�Estimating Regional Density 
Variations

Because lung parenchyma is an inherently porous 
elastic medium comprised of air-filled voids on 
the micro scale, the assumption of a constant 
density within the medium is no longer valid 
even at this resolution. For example, if we are 
able to obtain elastic displacements with an iso-
tropic spatial discretization of one millimeter, it 
has been shown that one cubic millimeter of lung 
parenchyma contains around 170 alveoli [20]. 
Despite its porous nature, an “effective” density 
can be derived by the superposition of the local 

microscopic densities. This can be expressed 

more formally as r rr
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are now functions of position. In this case, the 
quantity μm now represents a solution for an 
“effective” macroscopic shear modulus represen-
tative of the three-dimensional volume of the 
local window, Ωm, based on the displacements, 
their derivatives, and local density variations. 
Advanced lung MRE inversion algorithms will 
require inclusion of regional density values using 

Fig. 9.5  MRE induced signal 
loss ratio (S/So) as a function of 
gradient amplitude and mechani-
cal frequency of the waveform. 
The rectangular region includes 
the “normal operating zone” for 
MRE of the lung
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this or other models that account for the porous, 
regionally heterogeneous characteristics of lung 
parenchyma physical density.

�Equations of Motion 
in Heterogeneous Porous Materials

In addition to regional estimates of density, the 
next generation of lung MRE inversion algo-
rithms will need to accurately model the porous 
nature of the lung.
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As has been demonstrated by Biot [21], a porous 
medium is one which can support three wave 
types: a fast compressional wave, a slow com-
pressional wave, and a slow shear wave. These 
wave types are a consequence of the interaction 
of the coupled vibrational behavior of the solid 
skeletal background matrix and the encased fluid 
in the pores. Using the notation of Biot [21] it is 
possible to define the stress-strain relations as 
described in Eqs. (1) and (2) with equations of 
motion given by Eqs. (3) and (4). The vectors 


u x t,( )  and 


U x t,( )  are equal to the solid and 
fluid displacements, respectively; σ is the solid 
stress tensor; s is a scalar proportional to the fluid 
pressure; and I is the second-order identity ten-
sor. The densities ρij in Eqs. (3) and (4) represent 
the inertia of the two phases and are related to the 
fluid and solid densities ρf and ρs which are given 
as ρ11 + ρ12 = (1 − ϕ)ρs and ρ12 + ρ22 = ϕρf where ϕ 
is the porosity or volume fraction of the fluid 
phase. The coupling mass ρ12 < 0 is sometimes 
written as ρ12 = − (T − 1)ϕρf, where the tortuosity 

T > 1 depends upon the pore geometry. The 
parameter b in Eqs. (3) and (4) represents the 
resistive damping due to relative motion between 
the fluid and solid. It incorporates viscous dissi-
pation into the equations of motion and, there-
fore, is a major source of attenuation in waves.

While implementation of the model proposed 
by Biot [21] is complex and challenging, these 
efforts are obviously necessary in order to more 
accurately model the intrinsic mechanical proper-
ties of the lung. These improvements will further 
our understanding of both normal lung function 
as well as those disease processes that affect lung 
parenchyma such as ILD.  These challenges are 
significant, yet the potential to impact patient care 
and disease management is much greater.

�Pulse Sequence Developments

Building upon previous technical developments 
using spin-echo pulse sequences for lung MRE, 
Mariappan et  al. [22] have demonstrated that a 
spin-echo, echo planar imaging (EPI) sequence 
can be used to spatially resolve the shear stiffness 
of lung parenchyma in both normal volunteers 
and a single patient with known ILD.  In this 
work, the authors obtained a two-fold decrease in 
image acquisition time compared to their prior 
spin-echo MRE pulse sequence. The spin-echo 
EPI sequence was able to acquire four phase off-
set images of the shear wave field encoding a 
single direction of motion within the lung in a 
total acquisition time of 30 s, which was split into 
two 15 s breath holds. The authors also included 
a 2D density mapping method thereby allowing 
absolute estimates of parenchymal shear stiffness 
to be obtained. It is expected that additional tech-
nical advances such as encoding all three physi-
cal directions of motion so as to fully sample the 
complex shear wave field will be required to fur-
ther advance this technique into routine clinical 
practice. However, this work demonstrates that 
significant improvements, in this case a reduction 
in acquisition time, can be achieved using previ-
ously developed MR pulse sequence techniques.
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�Anatomy, Physiology, 
and Mechanical Basis of Cardiac 
Function, Disease Initiation, 
and Progression

The heart is a four chambered, hollow organ that 
is the size of a human fist and weighs approxi-
mately one pound. Surrounded by the two lungs, 
it sits obliquely within the thoracic cavity with its 
apex resting on and tethered to the diaphragm 
slightly to the left of midline while its broader 

base from which the great vessels emerge is 
located approximately below the sternum. The 
walls of the four chambers of the heart are 
comprised primarily of twisted cardiac muscle 
bundles that form ring-like arrangements and aid 
in the mechanical contraction of the chambers.

The function of the heart is to provide the 
mechanical force to circulate blood throughout 
the vascular system, providing a high pressure 
source for oxygenated blood (circulatory system) 
and low pressure for deoxygenated blood (venous 
system) return. Cardiac function, as measured by 
the volume of blood pumped by the heart within 
a single heart beat (stroke volume) is intrinsically 
related to cardiac muscle tone and contractility. 
This parameter is commonly quantified by mea-
surement of myocardial elasticity or stiffness. 
The term myocardial stiffness is somewhat 
generic and has evolved alongside those technol-
ogies that have attempted to quantify this param-
eter. Within the context of cardiac MRE, the term 
will be used to describe the shear modulus.

�Existing Methodology for Studying 
Myocardial Mechanical Properties

The current gold standard for assessing myocar-
dial stiffness is by means of invasive pressure–vol-
ume (PV) loops obtained throughout the cardiac 
cycle. The process involves insertion of a pressure 
catheter into the femoral artery which is then 
snaked into the left ventricle (LV) of the heart. 
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The cavity pressure throughout the cardiac cycle 
is measured and plotted against the volume of the 
ventricle, most commonly determined from ultra-
sound-based measurements. These PV measure-
ments must be made at multiple loading conditions 
(often with inferior vena cava occlusion) to create 
a family of PV loops. From these loops, the end-
diastolic pressure–volume points are plotted in 
order to define the end-diastolic pressure volume 
relationship (EDPVR) [1] as demonstrated in 
Fig. 10.1, the slope of which (dP/dV) is referred to 
as the LV chamber stiffness. This term is incorpo-
rated into mathematical models designed to assess 
chamber stiffness. One such model proposed by 
Mirsky and Parmley [2] is shown in Eqs. (10.1) 
and (10.2) and assumes; (1) spherical geometry of 
the LV cavity and myocardium, (2) use of instan-
taneous stresses and strains at the mid wall for the 
evaluation of elastic stiffness, and (3) the LV wall 
is incompressible (i.e., the wall volume remains 
constant throughout the cardiac cycle) [2]. This 
model calculates the Young’s modulus E accord-
ing to the relationship:
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where σm = stress at the mid wall, V = volume of 
the chamber (i.e., LV cavity), Vw = volume of the 
wall (remains constant as the material is assumed 
to be incompressible), P = internal cavity pres-
sure (i.e., chamber pressure), a = inner radius of 
the shell, b = outer radius of the shell, R = (a + b)/2 
(i.e., mid wall radius), and dP/dV = chamber stiff-
ness [1, 2].

Because the EDPVR is non-linear, there are a 
variety of curves to which it may be fit and there 
is currently no consensus regarding which is the 
most accurate.

�MRE Pulse Sequences for Cardiac 
MRE Applications

Accurate assessment of myocardial stiffness
using MRE-based methods is challenging. 
Respiratory induced bulk motion as well as the 
volumetric changes of the heart’s chambers as 
they expand and contract throughout the cardiac 
cycle violate the assumptions imposed on existing 
MRE inversion algorithms and thus can produce 
erroneous estimates of myocardial stiffness. The 
unique geometry of the heart also means that 

Fig. 10.1  Measurement of the 
EDPVR requires creating a 
family of pressure–volume (PV) 
loops, which are obtained by 
simultaneously measuring 
pressure and volume at different 
loading conditions. End-diastolic 
pressure points are plotted to 
create the EDPVR curve, the 
slope of which is an estimate of 
chamber stiffness. In these 
hypothetical PV loops, the 
end-systolic points have also 
been plotted to obtain the 
end-systolic pressure volume 
relationship (ESPVR), the slope 
of which is Ees. Reprinted from 
Burkhoff et al. [1]
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wave propagation cannot be described as a plane 
shear wave propagating within an infinite 
medium. Without appropriate modeling of the 
boundary conditions imposed by the geometry of 
the heart and the resultant effect on wavelength, 
erroneous assessment of myocardial stiffness can 
result. The following discussion describes the 
various methods under development to address 
these challenges.

�Advanced Geometric Modeling 
of the Left Ventricle

Due to the unique geometry of the heart—four 
thin walled fluid filled cavities that undergo 
cyclic changes in wall thickness and volume—
several underlying assumptions imposed by com-
monly used inversion algorithms become invalid 
and therefore create the potential for incorrectly 
estimating myocardial stiffness. To improve the 
accuracy of this estimate, it is necessary to 
develop inversion algorithms that more closely 
model the heart’s physical characteristics. When 
vibrations from an external source are introduced 
into an object in which the wavelength of the 
vibration is greater than the thickness of the 
object, flexural (i.e., bending) waves are gener-
ated. Kolipaka et  al. [3] have investigated flex-
ural waves in bounded media such as thin beams, 
plates, and spherical shells as potential models 
for visualizing vibrations below several hundred 
Hertz within the myocardium from a passive lon-
gitudinal driver such as those used in clinical 
MRE studies to more accurately assess myocar-
dial stiffness. Because spherical shells most 
closely match the geometry of the chambers of 
the heart, only this model will be presented.

When vibrations are introduced into a spheri-
cal shell, flexural waves are generated as a result 
of the shell’s boundary conditions. By application 
of Hamilton’s variation principle with the assump-
tion of mid surface deflections and non-torsional 
axisymmetric motion, the equations of motion of 
these waves can be solved to provide an estimate 
of the flexural motion and are given in the equation 
below [3] assuming that; (1) the displacement of 

the shell is small in comparison to its thickness, 
(2) the thickness of the shell is small compared 
with the smallest radius of curvature, (3) “fibers” 
or elements of the shell initially perpendicular to 
the middle surface remain so after deformation 
and are themselves not subject to elongation, and 
(4) the normal stress acting on planes parallel to 
the shell middle surface is negligible in compari-
son with other stresses.
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This equation provides an estimate of Young’s 
modulus, E from which the shear modulus can be 
obtained by substation in the equation μ = E/2(1 + v) 
where v is the Poisson’s ratio of the material.

Figure 10.2 shows both simulation and experi-
mental displacement maps for the radial and cir-
cumferential components of the flexural wave 
resulting from the application of a sinusoidal 
force at a frequency of 200 Hz to the top surface 
of a thin silicone rubber spherical shell of 10 cm 
diameter and thickness of 1  cm. The in-plane 
components of displacement were encoded using 
a gradient-echo MRE sequence with 5 ms dura-
tion MEG. The third column of this figure shows 
the reconstructed map of shear modulus (i.e., the 
elastogram). There are several reasons for the 
relative heterogeneity of the elastogram images 
including the sensitivity of the above equation of 
motion to noise as a result of the third order 
derivatives as well as the singularities at the two 
poles of the shell (θ = 0° and 90°). Despite these 
sources of error, the model is able to provide an 
accurate estimate of shear stiffness which has 
been validated using finite element modeling 
simulations and is shown in Fig. 10.3.
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�Pressure–Volume Based Validation 
of Advanced Inversion Algorithms

Before MRE measures of myocardial stiffness 
can replace PV based estimates, the relationship 
between these two parameters must be deter-
mined. This relationship has been demonstrated 
in the work by Kolipaka et al. [4] who compared 
the shear stiffness derived from the PV model 
proposed by Mirsky [2] to MRE-derived esti-
mates using the spherical shell equations above. 
Figures 10.4 and 10.5 are plots of shear stiffness 
for the two methods for a thin spherical shell 
phantom as a function of chamber pressure. 
Figure 10.4 was obtained when the phantom was 
inflated to a given static pressure while Fig. 10.5 
is a plot of the two measures obtained when the 
cavity pressure varied under cyclic conditions. In 
both instances, correlation between the two 
methods was obtained indicating that MRE-
based estimates of shear stiffness compare well 
to the current accepted gold standard of assessing 
myocardial function. More significantly, this 

work also demonstrated that under conditions of 
both static and dynamic pressure, MRE-derived 
shear stiffness values were highly correlated 
(R2 = 0.9948).

�Cardiac MRE Pulse Sequences

Successful in  vivo application of cardiac MRE 
must address the problems of respiratory and car-
diac motion. Respiratory motion can be mini-
mized by acquiring MRE data within a breath 
hold. However, the breath hold duration must be 
short enough so as to be tolerated by the most 
ambulatory of patients which, based on our own 
clinical experience should ideally be less than 
20 s. Short breath holds are typically achieved in 
cardiac MR imaging by application of gradient-
echo based pulse sequences such as spoiled or 
balanced gradient echoes. Preliminary cardiac 
MRE pulse sequence development within our 
own laboratory has focused on the adaptation of 
MRE techniques into cardiac spoiled gradient-echo 

Fig. 10.2  Shear wave displacement images of a thin spherical shell undergoing mechanical excitation for both finite 
element modeling simulations (a, b) and MRE experiments (d, e), respectively, for a 1 cm thick shell vibrated at a fre-
quency of 200 Hz. (c, f) The corresponding stiffness maps obtained from spherical shell inversion with a mean stiffness 
of 71.6 ± 14.3 and 71 ± 14 kPa respectively
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pulse sequences. A direct consequence of this
approach is that existing, well developed cardiac 
MR sequences can be adapted to include MRE 
techniques. In addition, these sequences address 
the problem of cardiac motion by incorporation 
of ECG-gated segmented acquisition methods to 
effectively “freeze” cardiac motion and provide 
either cine or static images of the heart through-
out the cardiac cycle.

Figure 10.6 is a pulse sequence diagram of a 
segmented cine gradient-echo pulse sequence 
that has been adapted by inclusion of MRE 
MEGs. The MEGs are synchronized with the 

initiation of the pulse sequence that is derived 
from a physiological trigger such as the ECG 
or pulse plethysmograph waveform [5]. Using 
the thin spherical shell model described above, 
Kolipaka et  al. [5] has demonstrated that this 
pulse sequence (TE = 9.8  ms; TR = 35  ms; flip 
angle = 30°; slice thickness = 10  mm; kx/ky =  
256/64; FOV = 14  cm; receiver bandwidth =  
32  kHz; excitation frequency = 200  Hz; four 
MRE time offsets; and 5 ms duration) has suffi-
cient temporal resolution to be able to reproduce 
the variation in shear stiffness of a spherical shell 
phantom undergoing cyclic pressure variations 

Fig. 10.3  (a) Shear stiffness plotted as a function of excitation frequency obtained from finite element modeling of a 
1 cm thick shell experiencing excitation from a point source located at the north pole of the sphere for an input shear 
modulus of 100 kPa. (b) Shear stiffness of the spherical shell as an input into the finite element modeling of the thin 
spherical shell versus calculated shear modulus based on the finite element modeling displacement fields when input 
into the spherical shell wave field inversion algorithm. The shell was modeled with a thickness of 1 cm and an excitation 
frequency of 200 Hz
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at a frequency of 1 Hz or 60 beats per minute or 
greater. The cine MRE pulse sequence showed 
excellent correlation between shear stiffness val-
ues obtained under the aforementioned dynamic 
conditions and those obtained when the phantom 
was inflated to same but static cavity pressures 
(R2 = 0.9948).

�In Vivo Validation of Cine 
Cardiac MRE

Recent research in cardiac MRE has focused on 
the evaluation of the previously described cine 
cardiac MRE pulse sequence and inversion 

Fig. 10.4  MRE and PV-derived shear modulus as a function of static inflation pressure for a thin spherical shell

Fig. 10.5  MRE and PV-derived shear modulus estimates as a function inflation pressure measured at various points 
throughout a cyclic pressure cycle. The pressure represents the pressure within the cavity of the thin spherical shell which 
was generated by a computer controlled displacement pump connected to the thin spherical shell phantom

K.P. McGee et al.
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algorithms in animal models as a precursor to 
clinical trials in humans. A study involving six
live pigs demonstrated that MRE-derived esti-
mates of shear modulus can be obtained in vivo 
and that these values track with pressure varia-
tions within the left ventricle of the heart through-
out the cardiac cycle [6]. In this work, pressure 
values were obtained using a pressure catheter 

inserted into the left ventricle. Figure 10.7 shows 
long and short axis views of the left ventricle of 
one animal obtained with and without application 
of cyclic motion from a pneumatic driver placed 
on the anterior chest of the animal above the 
heart. In the no motion case (Fig.  10.7a, e) the 
phase difference images which are used to encode 
cyclic displacements are dominated by noise and 
demonstrate the relative insensitivity of the ECG-
gated GRE MRE pulse sequence to cardiac 
motion. When the MRE pulse sequence is syn-
chronized to the pneumatic driver system, the 
complex wave pattern generated within the myo-
cardium can be seen in both short and long axis 
views.

The inclusion of a pressure catheter into the 
ventricle of each animal allowed comparison of 
the MRE-derived shear stiffness estimates and 
pressure throughout the cardiac cycle. These 
results are shown in Fig. 10.8 and indicate that 
pressure and myocardial stiffness appear to track 
with one another throughout the cardiac cycle. 
Plotted as an ensemble of all six animals, the 
shear stiffness of the myocardium demonstrates a 
linear relationship between stiffness and cavity 
pressure as shown in Fig. 10.9.

Fig. 10.6  Schematic of gradient echo MRE pulse 
sequence. The motion encoding gradients (MEGs) are 
designed to be gradient moment nulled and are synchro-
nized to the mechanical excitation waveform. The figure 
also shows flow compensating gradients on X and Z axes 
respectively

Fig. 10.7  End-diastolic short and long axis phase difference images of a porcine heart in vivo with and without the 
application of externally applied motion. In the absence of external motion, no shear waves can be seen (a, e). With the 
application of longitudinal excitation from two drum drivers located on the chest wall of the closed chest, shear wave 
induced displacements can be visualized within the two in-plane and through plane directions
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�Future Directions

Future research will involve technical improve-
ments to existing MRE image acquisitions and 
inversion algorithms as well as the application 
of cardiac MRE to a variety of cardiac diseases. 
For image acquisition, the immediate goal is 
to shorten scan times to allow the acquisition 
of volumetric data set covering the left ventri-
cle. A complete data set would require obtain-
ing displacement data in three encoding 
directions (e.g., physical x, y, and z), with four 
phase offsets, obtained at multiple points over 
the cardiac cycle. Acquiring all of this data in
a single breath hold will require a combination 

of MRI techniques. However, once achieved 
this type of volumetric acquisition would 
allow the development of inversion algorithms 
incorporating displacements in all three direc-
tions. There are a number of potential clinical 
applications for cardiac MRE including heart 
failure with preserved ejection fraction and 
hypertrophic cardiomyopathy, both of which 
are thought to increase myocardial stiffness. 
While hypertrophic cardiomyopathy is 
currently diagnosed based on increased left 
ventricular wall thickness, there is no way to 
detect this disease before the wall thickens. In 
addition there is no way to distinguish 
hypertrophic cardiomyopathy from normal, 

Fig. 10.8  MRE-derived shear modulus and left ventricular cavity pressure as a function of cardiac phase in six porcine 
in vivo hearts. Note that pressure and shear modulus values are displayed on separate scales
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physiologic causes of ventricular wall thicken-
ing such as athletic training. Finally, increased 
myocardial stiffness could be predictive of 
poor outcome in a variety of diseases. For 
example, patients with hypertension some-
times progress to heart failure and that process 
is thought to be related to the interplay of pres-
sure, volume, and the mechanical properties of 
the myocardium. Likewise, after myocardial 
infarction the non-infarcted ventricle under-
goes changes in shape and function that are 
thought to be a response to the presence of the 
stiff myocardial infarct.
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pressure with a correlation coefficient of R2 = 0.84
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           MR Elastography of Breast 

    Introduction 

 Breast cancer ranks as the second leading cause 
of cancer deaths in women (after lung cancer). 
Early diagnosis of breast cancer and effective 
monitoring of treatment effi cacy are critical for 
reducing breast cancer mortality. Mammography, 
ultrasound, and MRI play an important role in 
detection of breast cancer and have reduced 
breast cancer mortality. However, mammography 
may miss breast cancer especially in women with 
dense breast tissue, ultrasound has low sensitivity 
and specifi city, and MRI has low specifi city 
resulting in many false positives and unnecessary 
biopsies of benign tissues. Palpation wisdom 
from thousands of years has shown that breast 

cancer is usually much harder than normal breast 
tissue (like rock vs. marshmallow). Magnetic 
resonance elastography (MRE) is a nonionizing 
and noninvasive imaging modality that measures 
the  stiffness of breast tissue and could potentially 
improve the specifi city of breast MRI. This section 
will fi rst briefl y review the current breast cancer 
imaging techniques and emerging techniques, 
and then will focus on the MRE and discuss 
recent developments for breast cancer imaging.  

    Clinical Signifi cance of Breast Cancer 

 A woman born in the United States today has a 
one in eight chance of having invasive breast can-
cer during her lifetime [ 1 ]. An estimated 39,970 
breast cancer deaths (39,520 women, 450 men) 
were expected in 2011. Risk factors include age, 
certain gene traits, family history, early men-
arche, late menopause, postmenopausal obesity, 
use of combined estrogen and progestin meno-
pausal hormones, alcohol consumption, and 
physical inactivity. Breast cancer typically has no 
symptoms when the cancer is in its early stages 
and most treatable. In the USA, considering all 
races, the 5-year relative survival is 99 % for 
localized breast disease when the cancer is con-
fi ned to the breasts, 84 % for regional disease 
when tumors have spread to surrounding tissue or 
nearby lymph nodes, and 23 % for distant-stage 
disease when cancers have metastasized (spread) 
to distant organs. When breast cancer has grown 
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to a size that can be felt, the most common physical 
sign is a painless lump. Sometimes breast cancer 
can spread to underarm lymph nodes and cause a 
lump or swelling, even before the original breast 
tumor is large enough to be felt. Less common 
signs and symptoms include breast pain or heavi-
ness; persistent changes to the breast, such as 
swelling, thickening, or redness of the skin; and 
nipple abnormalities such as spontaneous dis-
charge (especially if bloody), erosion, inversion, 
or tenderness [ 2 ]. 

 Early diagnosis of breast cancer is a critical part 
of reducing breast cancer mortality because treat-
ment is most effective at the early stages of dis-
ease. Death rates for breast cancer have steadily 
decreased in women since 1990, with larger 
decreases in younger women. From 2004 to 2008, 
rates decreased 3.1 % per year in women younger 
than 50 years of age and 2.1 % per year in women 
50 and older. The decrease in breast cancer death 
rates represents progress in both earlier detection 
and improved treatment [ 2 ]. Right now, American 
Cancer Society guidelines for the early detection 
of breast cancer in average- risk, asymptomatic 
women are to have clinical breast examinations 
(CBE) at least every 3 years for women 20-39 
years of age, and every year prior to mammography 
in women over age 40 [ 2 ]. 

 Therefore, it is very important to optimize 
existing breast imaging techniques or to develop 
new techniques for accurate breast cancer diag-
nosis so that more breast cancers can be found 
and treated early, leading to the reduction of the 
breast cancer mortality. 

 This section will fi rst briefl y review the diag-
nosis accuracy of major conventional breast can-
cer imaging techniques and some emerging 
techniques, and then will focus on the MRE and 
discuss its new developments for breast cancer 
imaging.  

    Breast Cancer Imaging Techniques 

 Although mammography is the principle tool for 
diagnosing breast cancer, it is signifi cantly less 
accurate in young women with mammographi-
cally dense breast tissue, who also have a higher 

risk of developing breast cancer than women 
with less dense breast tissue [ 3 ]. Also, mammog-
raphy, together with other recently introduced 
ionizing radiation based techniques such as 
breast-specifi c gamma imaging (BSGI), positron  
emission mammography (PEM), digital breast 
tomosynthesis, and dedicated breast computed 
tomography, all have fatal radiation-induced 
cancer risks [ 4 ]. Another frequently used imag-
ing modality, contrast-enhanced magnetic reso-
nance imaging (CE-MRI) has a high sensitivity 
(89- 100 %) for detecting breast cancer, but its 
specifi city can be as low as 30 % [ 5 ]. Sonography 
is another major modality to detect breast cancer, 
however it has variable sensitivity (57–97 %) and 
specifi city (60–90 %), which depends on many 
factors including the experience of the sonogra-
pher [ 6 ,  7 ]. The experience of readers also causes 
low interobserver agreement, for example, the  κ  
values ( κ  = 1 means same reading) in Breast 
Imaging-Reporting and Data System (BI-RADS)
category four were 0.33 (fair), 0.32 (fair), and 
0.17 (poor) for the subdivisions 4a (low suspicion 
of malignancy), 4b (intermediate suspicion of 
malignancy), and 4c (moderate suspicion of 
malignancy), respectively [ 8 ]. 

 Some emerging breast imaging techniques are 
still immature and need further development 
because their sensitivity and specifi city varied 
greatly between different studies, such as Digital 
Infrared Thermal Imaging (DITI, Sensitivity = 
0.25–0.97, Specifi city = 0.12–0.85), Electrical 
Impedance Scanning (EIS, Sensitivity = 0.26–0.98, 
Specifi city = 0.08–0.81), and ultrasound elastog-
raphy (Sensitivity = 0.35–1.00, Specifi city = 
0.21–0.99) [ 9 ]. In the past few years, ultrasound 
elastography techniques, categorized as qualita-
tive (strain) and quantitative (stiffness) methods, 
have been investigated widely and have shown 
potential for improving the accuracy of breast 
cancer diagnosis alone or in conjunction to B 
mode Sonography [ 10 – 13 ]. However ultrasound 
elastography techniques are highly operator-
dependent, and suffer from low image quality 
(49.6 % cases) which can signifi cantly decrease the 
sensitivity to as low as 56.8 % [ 14 ]. Qualitative 
ultrasound elastography (strain imaging) also has 
trouble with characterizing benign breast lesions 
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such as fi brocystic changes and fi broadenomas 
due to their low contrast to surrounding normal 
breast tissues, while quantitative ultrasound elas-
tography (stiffness imaging) has diffi culties with 
imaging the tissue deep in the breasts, especially 
for malignant tumors [ 11 ].  

    MR Elastography of Breast 

 In a clinical breast examination or breast self- 
examination, the cancer lumps can be felt by pal-
pation if they are large enough. The lumps are 
often “fi rmer” or “stiffer” than normal breast tis-
sues. In biomechanical terms, “fi rmness” or “stiff-
ness” corresponds to defi ned biomechanical 
properties of tissues. Like the difference we can 
feel between “fi rm” and “soft” mattresses, or ripe 
and unripe fruit, we can also feel the stiffness dif-
ference between fi rm tissue (like muscle or a solid 
cancerous lumps) and soft tissue (like fat) using 
palpation. Malignant tumors often infi ltrate into 
the surrounding tissue and lead to a pronounced 
reactive proliferation of connective tissues, which 
increases tissue stiffness [ 15 ]. Krouskop et al 
determined that the contrast between cancerous 
and noncancerous breast lesions was 1,000–
5,000 % [ 16 ]. However, palpation is subjective, 
qualitative (cannot measure the actual tissue 
stiffness values) and may not be sensitive enough 
to detect small lumps (<10 mm) or lumps that are 
too deep in the breasts. 

 To accurately and objectively measure tissue 
stiffness, even for small lesions deep in the 
breasts, MRE techniques have been developed 
over the last 20 years. The basic principles of 
MRE of the breast are as follows: fi rst, an external 
mechanical driver is used to apply alternate/
quasi-static forces to the breasts causing the 
internal mechanical motion (shear wave) within 
the breasts; second, a motion sensitive MRI 
sequence is used to image and measure the inter-
nal mechanical motion; last, tissue stiffness is 
computed because the mechanical motion is a 
function of tissue stiffness [ 17 ]. In fact, ultrasound 
elastography follows the similar steps, except it 
uses ultrasound to measure the motion in tissue 
and uses the ultrasound transducer (or remote 

radiation force) to push against the breasts for 
exciting the motion inside the breast tissue. 
Compared to ultrasound elastography, MRE has 
overall better image quality, which leads to higher 
accuracy of measuring breast tissue stiffness. 

 Figure  11.1  shows the conventional setup of 
breast MRE, which often involves fi ve steps 
before the MRI/MRE scan. (1) External MRE 
drivers are positioned inside one or two cavities of 
a breast RF coil. The drivers should be in contact 
with one or both breasts, either on the lateral 
aspect or anterior aspect of the breast. (2) The 
subject lies on top of the RF coil in a prone posi-
tion with their breasts hanging inside the cavities, 
similar to other routine breast MRI exams. (3) 
Depending on the size of breasts, the operator 
usually needs to adjust the external drivers so that 
the drivers are in good contact with the breasts for 
transmitting acoustic waves to the breasts, which 
often involve a precompression to the breasts. (4) 
Reposition of the drivers may be required if there 
is any discomfort due to driver setup. (5) The 
patient is then ready for MRI and MRE scans.

   In one of the fi rst in-vivo breast MRE studies, 
nine healthy female volunteers were studied and 

  Fig. 11.1    A typical conventional compressive breast MRE 
setup. 1—MRI scanner bore, 2—patient in prone position, 
3—breast RF coil, 4—compressive MRE driver, 5—patient 
table. The compressive breast MRE driver requires contact 
and compression of the breast tissue to maintain a good 
mechanical coupling for transmitting acoustic waves into 
breast tissues. The driver can be positioned on the  right, 
left , superior, inferior, or/and anterior part of one or both 
breasts. If both breasts are contacting the driver, then they 
can be imaged by MRE at the same time       

 

11 Magnetic Resonance Elastrography of Other Organs



122

demonstrated that MRE is feasible and can 
adequately illuminate the breast tissues with 
shear waves and can characterize biomechanical 
properties of glandular tissue (2.45 ± 0.2 kPa) and 
fat tissue (0.43 ± 0.07 kPa) [ 18 ]. In another MRE 
patient study, six healthy volunteers and six 
patients with biopsy-proven palpable breast 
malignancies (infi ltrating ductal carcinoma,  n  = 5; 
infi ltrating lobular carcinoma,  n  = 1) were scanned 
with conventional MRE. The average shear stiff-
ness of the tumors was 33 kPa (range = 18–94 kPa), 
which was about four times greater than that of 
adipose tissue (mean = 8 kPa, range = 4–16 kPa) 
in breast cancer patients. In the healthy volun-
teers, the mean value for adipose tissue was 
3.3 ± 1.9 kPa, which is less than their fi broglandu-
lar tissue (7.5 ± 3.6 kPa) [ 19 ]. 

 In addition to the shear modulus of breast tis-
sue, Sinkus et al. [ 20 ,  21 ] have extended MRE to 
measure the eigenvalues of elasticity tensor of 
breast tissues in patients with breast carcinoma 
and found that carcinoma exhibits an anisotropic 
elasticity distribution while the surrounding 
benign tissue appears isotropic. It is well known 
to physicians that some malignant lesions feel 
stiff while others feel soft. Additional informa-
tion about the anisotropy of the lesion has the 
potential to increase the diagnostic accuracy of 
MRE in the detection of breast malignancy [ 20 ]. 

 Xydeas et al. [ 15 ] studied viscosity and elas-
ticity of breast tissues in 5 patients with 6 malig-
nant lesions, 11 patients with benign lesions, and 
4 patients with no lesions using MRE. The mean 
viscoelastic parameters were: breast cancer (elas-
ticity = 3.1 ± 0.7 kPa, viscosity = 2.1 ± 1.2 Pa∗s), 
fi broadenoma (elasticity = 1.4 ± 0.5 kPa, viscos-
ity = 1.7 ± 0.8 Pa∗s), fi brocystic changes (elastic-
ity = 1.7 ± 0.8 kPa, viscosity = 1.7 ± 0.9 Pa∗s), 
and surrounding tissue (elasticity = 1.2 ± 0.2 kPa, 
viscosity = 1.0 ± 0.31 Pa∗s). In terms of elasticity 
values, malignant lesions were signifi cantly 
stiffer than fi broadenoma ( P  < 0.0004), fi brocys-
tic changes ( P  < 0.04), and overall breast sur-
rounding tissues ( P  < 0.0005), while for viscosity 
values, there were no signifi cant differences 
between them. Two patients with fi broadenoma 
had a dynamic breast MR imaging score (in 
accordance with the BI-RADS system) of 3 out 

of 4, and small elasticity values. MRE correctly 
identifi ed these as benign lesions which would 
have been diagnosed as malignant tumors based 
on contrast- enhanced MRI features. 

 It is known that tissue elasticity and viscosity 
are refl ected by directly measured complex shear 
modulus,  E = Er + i∗Ei , with  Er  and  Ei  being the 
real and imaginary part respectively. However, 
complex values are not straightforward to under-
stand in practice; therefore, different rheological 
models (Voigt model, Maxwell model, and spring 
pot model) have been tested to explain the breast 
tissue biomechanical behavior, but none of them 
fi ts perfectly [ 22 ]. Therefore, Sinkus et al. fol-
lowed a pure physically motivated approach, 
power law model, to study the viscoelastic behav-
ior of breast lesions in the perspectives of solid/
liquid duality ( y  = 0 for pure solid,  y  = 0.5 for pure 
liquid) and attenuation ( α  0 , at 1 Hz) [ 22 ]. This 
study included 68 female patients with breast 
tumors (benign:  n  = 29, malignant:  n  = 39), and 
revealed that malignant lesions tend to have high 
 y  (more liquid-like) values and low  α  0  values 
(less attenuation), which is opposite to the behav-
ior of benign lesions. The interpretation of com-
plex shear modulus in terms of  y  and  α  0  now 
provides an understanding of the underlying 
physics: malignant lesions are characterized by 
an enhanced liquid-like (greater  y  values) behav-
ior and a decreased scale of attenuation (small  α  0  
values) [ 22 ]. When  y  approaches to 0.5 (pure liq-
uid), the power law model suggests a loosely 
connected network formed in tissue. This is con-
sistent with the macroscopic alterations such as 
stromal reaction induced by the tumor, which 
leads to the remodeling of the normal extracel-
lular matrix and changes in cell density. 
Angiogenesis, tumor invasion, and metastasis all 
require a degradation of the extracellular matrix 
[ 22 ]. Finally, when combined with contrast- 
enhanced MR mammography, the study showed 
that MRE signifi cantly increased the specifi city 
by 20 % (from about 40 % to about 60 %) at 
100 % sensitivity for diagnosing malignancy 
(AUROC = 0.96 ± 0.02) [ 22 ]. In another similar 
study with 57 patients, MRE increased the speci-
fi city of CE-MRI from 75 to 90 % and sensitivity 
of 90 % and combined AUROC of 0.96 [ 23 ].  
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    New Developments of Breast MR 
Elastography: Noncompressive 3D 
Technique 

 With the conventional MRE setup, all breast driv-
ers contact and compress the breasts for effi cient 
mechanical wave transmission. This can cause 
signifi cant biomechanical property change 
because of the nonlinearity of biological tissues 
[ 21 ]. The compression is diffi cult to control and 
measure in practice, which leads to the question 
of the impact of compression on the accuracy of 
breast elastography methods, including ultra-
sound elastography and MRE. A recent human 
study has shown that for adipose and fi broglandu-
lar tissues, 10 % tissue compression approxi-
mately doubled the observed shear wave speed, 
which represents about a four-fold increase in 
stiffness. Adipose tissue was observed to increase 
in stiffness with the amount of compression; so did 
breast cancers at a much slower rate. The stiffness 
difference between adipose tissue and malignant 
lesions became smaller as the compression level 
increased, and eventually disappeared when the 
compression level was about 40 % [ 24 ]. This 
compression effect partly explains the inconsis-
tencies in the reported stiffness values of breast 
tissues from different elastography methods in the 
literature [ 8 ,  10 ,  19 ,  23 ,  24 ]. 

 A novel noncompressive breast MRE tech-
nique has been developed to eliminate the effect 
of driver compression on tissue stiffness change 
[ 25 ]. Figure  11.2  shows the diagram of the non-
compressive breast MRE setup. Compared with 
the conventional compressive breast MRE setup, 
the noncompressive setup has the following 
advantages. (1) does not add tension or change 
the shape of the breasts, which avoids the biome-
chanical property change and geometry/bound-
ary condition change; (2) the driver-breast 
mechanical coupling is not affected by the size of 
the breasts; (3) The breast RF coils does not 
require any modifi cation or customization to 
accommodate the driver and is automatically 
compatible to CE-MRI setup, thereby promoting 
their use in clinical practice; (4) the driver does 
not interfere with MRI-guided breast biopsy, and 
(5) both breasts can be imaged by MRE at the 

same time. A typical 3D GRE MRE imaging 
sequence and inversions used in the noncompres-
sive breast MRE are detailed in [ 26 ], with the fol-
lowing parameters. A 1.5-T MRI scanner (GE, 
Signa, Wisconsin, USA) and a MRE active driver 
system (Resoundant, Rochester, MN) were used. 
Imaging parameters: vibration frequency = 40 Hz; 
vibration power level = 20 %; FOV  x / y / z   = 30-34/30- 
34/14.4-18 cm; four phase offsets; motion- 
encoding gradient (MEG) amplitude = 2.8 G/cm; 
TR = 31.3 ms; TE = 27.2 ms (fat/water in-phase 
echo time); fl ip angle = 15°; BW = 31.25 kHz; 
axial imaging plane covering both breasts in the 
SI direction; acquisition matrix = 96 × 96 × 40; 
reconstruction matrix = 256 × 256 × 36; NEX = 1; 
SENSE acceleration factor = 2 (RL direction); 
total scan time = 9′54″ (free breathing). Inversion 
parameters: the vector curl of the measured wave 
data was calculated using 3 × 3 × 3 derivative ker-
nels on the wrapped phase data acquired in three 
orthogonal directions [ 27 ]. A 3D local frequency 
estimation (LFE) inversion was performed on the 
curl data with 2D directional fi lters (cut-off fre-
quencies of 2 and 128 cycles/FOV) to calculate the 
volumetric elastograms of the two breasts [ 28 ].

  Fig. 11.2    A novel noncompressive breast MRE setup. 
1—MRI scanner bore, 2—patient in prone position, 3—
breast RF coil, 4—noncompressive MRE driver, 5—
patient table. Instead of compressing breast tissue, the 
noncompressive breast MRE driver is only in contact with  
the patients’ sternum to transmit acoustic waves into 
breast tissues through the chest wall. The driver is auto-
matically compatible to CE-MRI setup. Both breasts can 
be imaged by MRE at the same time       
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   A preliminary study was performed with seven 
healthy normal female volunteers without known 
breast disease and a 41-year-old female patient 
with a biopsy-proven invasive ductal carcinoma. 
Bilateral noncompressive MRE with the above 
parameters was performed in all subjects, and the 
patient also underwent a CE-MRI study. In 
Fig.  11.3 , CE-MRI shows that in the left breast of 
this patient, there is a heterogeneously enhancing 
mass in the right subareolar breast tissue corre-
sponding to the biopsy-proven malignancy, with a 
size of 3.2 × 2.0 × 2.4 cm (Fig.  11.3a , arrow). No 
abnormal indications were seen in the right breast. 
The breast MR elastogram shows that the glandu-
lar tissue is heterogeneous in stiffness, and the 
carcinoma is much stiffer than the surrounding 
breast tissue (Fig.  11.3b , arrow). The  x ,  y , and  z  
curl components of the measured wave displace-
ment show adequate wave propagation in both 
breasts (Fig.  11.3c, d, e ). For this patient, the stiff-
ness of adipose tissue was 0.41 ± 0.10 kPa, glan-
dular tissue was 0.90 ± 0.18 kPa, and the invasive 
ductal carcinoma was 1.42 ± 0.17 kPa. In the seven 
normal volunteers, the stiffness of adipose tissue 

ranged from 0.25 to 0.41 (mean = 0.33) kPa and 
glandular tissue ranged from 0.46 to 0.9 
(mean = 0.64) kPa [ 29 ]. The invasive ductal carci-
noma is about 3 times stiffer than the adipose tis-
sue and 1.5 times stiffer than the glandular tissue.

       Conclusions 

 Breast cancer can be treated more effectively in 
early stages than in late stages, and accurate diag-
nosis diagnostic methods are desired to detect 
breast cancer early. MRE is a promising for dif-
ferentiating malignant from benign breast lesions. 
A recently developed noncompressive MRE tech-
nique can complement the CE-MRE setup, can 
image both breasts at the same time, and applies 
no compression to the breasts, which avoids the 
tissue biomechanical property change due to its 
nonlinearity. Future work will include recruiting a 
larger number of breast cancer patients to evaluate 
the noncompressive MRE to diagnose breast can-
cer as a single technique and in conjunction with 
CE-MRI for improving its specifi city.   

  Fig. 11.3    Example MRE images of a 41-year-old-female patients with invasive ductal carcinoma. ( a ): CE-MRI; ( b ): 
MR elastogram; ( c ), ( d ), and ( e ): x, y, and z component of curl displacement respectively       
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    MRE of the Spleen 

 The spleen is situated in the left upper abdomen 
below the diaphragm and performs the function of 
hemopoiesis and acts as a reservoir of blood in 
acute stress. The spleen is intimately related to the 
portal circulation and splenomegaly in a patient 
with chronic liver disease and cirrhosis is sugges-
tive of portal hypertension. Therefore, spleen has 
been evaluated both clinically and by imaging for 
an increase in size as an evidence for portal hyper-
tension. However there is poor correlation 
between spleen size and severity of portal hyper-
tension [ 30 ] and splenomegaly may be related to 
tissue hyperplasia and fi brosis in addition to con-
gestion [ 31 ]. Evaluation of splenic stiffness may 
provide further insights into the pathophysiology 
of splenomegaly and the complex relationship 
between liver fi brosis, portal hypertension, and 
spleen. Several studies have focused on the evalu-
ation of spleen stiffness with MRE. 

 MRE of the spleen can be performed by plac-
ing a passive driver over the spleen [ 32 ,  33 ]. 
Custom made pillow-like passive actuator fl exible 
drivers (Fig.  11.4 ) that are made of a soft inelastic 
fabric cover around a porous, springy mesh core 
[ 34 ] can be easily placed on the curved lateral 
abdominal wall. In a preliminary study [ 33 ], a sig-
nifi cant difference in measured splenic stiffness 
was found when performed with the driver placed 

over the liver on right abdomen and with the 
driver over the spleen on left side of the abdomen. 
MRE of the spleen is best performed with the 
driver over the left side (over the spleen) to ensure 
through plane propagation of shear waves in the 
spleen.

   The mean stiffness of normal spleen tissue 
measured in healthy volunteers ranges from 2.35 
to 5.6 kPa with an average value of 3.6 kPa. No 
signifi cant correlation was demonstrated between 
splenic stiffness and age, sex, body mass index 
and arterial mean blood pressure [ 32 ,  33 ]. 

 Evaluation of splenic stiffness in chronic liver 
disease and portal hypertension has been the sub-
ject of interest in many studies including those with 
transient elastography. In a large animal model, 
Nedredal et al. showed signifi cant correlation 
between spleen stiffness with MRE and measured 
direct portal vein pressure gradient [ 35 ]. In another 
well-controlled in-vivo porcine model study, spleen 
stiffness and liver stiffness were shown to correlate 
with measured portal pressure [ 36 ]. 

 In a preliminary human study with 38 patients 
with chronic liver disease, Talwalkar et al. 
showed signifi cant correlation between liver 
stiffness and spleen stiffness ( r  2  = 0.75;  p  < 0.001) 
and a systematic increase in spleen stiffness 
with increasing liver fi brosis stages (Fig.  11.5 ). 
A mean spleen stiffness of ≥10.5 kPa was associ-
ated with esophageal varices (Fig.  11.6 ). In 
another study, Morisaka et al. [ 37 ] demonstrated 

  Fig. 11.4    A ergonomic 
fl exible pillow passive 
driver. The fl exible driver 
can be easily applied to 
curved surfaces like 
abdomen and chest walls 
which ensure good contact 
with the surface and better 
transmission of shear 
waves       
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  Fig. 11.5    Splenic stiffness in chronic liver disease. Post contrast enhanced images ( a , c ) and stiffness maps ( b , d ). An 
example of simple fatty liver only ( top row ) with normal liver stiffness of 1.9 kPa and spleen stiffness of 3.2 kPa. A 
case of chronic hepatitis C with cirrhosis ( bottom row ) shows elevated liver stiffness of 8.2 kPa and that of spleen to 
9.1 kPa consistent with portal hypertension       

  Fig. 11.6    Splenic stiffness can predict esophageal varices. An example of NASH with cirrhosis and portal hyperten-
sion. Contrast-enhanced MR image ( a ) showing nodular liver, splenomegaly, splenic and gastric collaterals, and dilated 
anterior abdominal veins. Stiffness map ( b ) shows severely elevated splenic stiffness to 11 kPa and that of the liver to 
10.5 kPa. Endoscopy confi rmed esophageal varices       
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strong association of splenic stiffness with severe 
gastroesophageal varices with a cut-off value of 
10.1 kPa similar to the Talwalkar study.

    Shin et al. [ 38 ] using a 3D echo planar MRE 
technique showed that both hepatic and splenic 
stiffness had positive linear correlations with the 
endoscopic grade of esophageal varices. The diag-
nostic performance of hepatic and spleen stiffness 
in predicting high-risk varices was comparable to 
that of dynamic contrast-enhanced (DCE) MR 
imaging and DCE + MRE had higher sensitivity in 
predicting esophageal varices and high-risk vari-
ces. In a recent study, Ronot et al. [ 39 ] showed 
signifi cant correlation of hepatic venous pressure 
gradient (HVPG), with liver and spleen loss mod-
ulus assessed with MRE. Severe portal hyperten-
sion and high-risk varices were best identifi ed 
with spleen loss modulus. 

 Assessment of splenic stiffness is useful in the 
evaluation of portal hypertension for the predic-
tion of esophageal varices and high-risk vari-
ces. In the future, spleen stiffness may also serve 
as a quantitative parameter for the assessment of 
response to treatment of portal hypertension.  

    MRE of the Pancreas 

 The pancreas is a midline retroperitoneal organ situ-
ated in a roughly transverse orientation in the upper 
abdomen. The location of the pancreas makes prop-

agation of shear waves challenging. However it is 
possible to introduce propagating shear waves by 
placing a modifi ed large driver in the midline of 
the upper abdomen [ 40 ]. Due to the small size of 
the gland and complex shape, a three-dimensional 
(3D) analysis of the wave fi eld would be required. 
Ideally the patient should be fasting to ensure an 
empty stomach so that distance between the driver 
and pancreas is reduced as much as possible to 
ensure good propagation of waves. This is also 
reduces possible compression by a full stomach. 

 In an initial study of healthy volunteers by Yin 
et al. [ 41 ], the mean shear stiffness of the pancreas 
was 2.0 ± 0.4 kPa at 60 Hz. Recently Yu et al. [ 40 ] 
showed that MRE was feasible in normal volun-
teers using an ergonomic soft pillow driver to 
deliver vibrations to the pancreas. In this study 
with 20 healthy volunteers, the propagating shear 
waves were imaged with a 2D multi-slice echo 
planar imaging based MRE pulse sequence and at 
40 and 60 Hz. The mean stiffness of pancreas was 
2.09 ± 0.33 kPa at 60 Hz and similar to liver, 
whereas at 40 Hz, it was 1.15 ± 0.17 kPa, signifi -
cantly lower than the liver. The stiffness in differ-
ent regions of the pancreas was similar with no 
signifi cant differences (Fig.  11.7 ). The initial stud-
ies have provided motivation for application of 
MRE in evaluation of pancreatic diseases. MRE 
of the pancreas may be useful in the assessment of 
chronic pancreatitis as well as focal lesions in the 
pancreas such as adenocarcinoma.

  Fig. 11.7    MRE of the pancreas. Anatomical MR images ( top row ) and stiffness maps ( bottom row ) through different 
regions of pancreas in a normal healthy volunteer. A manual region of interest has been drawn in different parts for 
measurement of stiffness ( red outlined areas ). The mean stiffness of the pancreas was 2.08 ± 0.3 kPa (color fi gure 
online)       
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       MRE of the Kidney 

 Kidneys are bilateral small bean-shaped organs in 
the retroperitoneal region. The location and small 
size of the kidneys pose challenges for introducing 
shear waves from an external driver similar to pan-
creas. In a preliminary study, Venkatesh et al. 
showed the feasibility of MRE of the kidneys in 
healthy volunteers [ 42 ] with the subject lying supine 
and on top of a single large disc-shaped driver at the 
level of kidneys placed in contact with the posterior 
abdominal wall. In another study Rouviere et al. 
showed that MRE of the kidney was feasible and 

reproducible with an intra-subject variability of 6 % 
[ 43 ]. In this study, they studied the left kidney sepa-
rately with a drum-like passive driver placed at the 
level of the kidney in contact with the posterior 
abdominal wall. In these preliminary studies, MRE 
was performed at different frequencies ranging 
from 45 to 90 Hz. MRE of the kidneys can also be 
performed with two drivers positioned at the level 
of the kidneys and in contact with the posterior 
abdominal wall (Fig.  11.8 ). In view of the small size 
of the kidneys, a higher frequency (90 Hz) and a 3D 
MRE technique would be ideal. MRE obtained in 
the coronal plane including both kidneys would be 
useful for comparison (Fig.  11.9 ).

  Fig. 11.8    MRE of the kidneys. MRE of the kidneys can 
be performed using a large driver (blue box) placed in the 
midline ( a ) or with two small drivers (blue boxes) placed 

on either side of the spine ( b ). Ergonomic fl exible soft 
pillow drivers for MRE of the kidneys ( c )       

  Fig. 11.9    MRE of the kidneys in a normal healthy  volunteer 
performed with a single large driver placed in the midline 
and in contact with the posterior abdominal wall. MRE in an 
axial plane obtained at 60 Hz ( top row ) and in a coronal plane 

obtained at 90 Hz ( bottom row ). Anatomical MR images 
( a, d ), superimposed wave images ( b, e ), and stiffness maps 
( c, f ) on the anatomical images. Note excellent transmission 
of shear waves in the kidneys at both frequencies       
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    Renal tissue stiffness is dependent on several 
components of the parenchyma. The kidneys 
receive nearly 25 % of the cardiac output and up 
to 25 % of renal volume may be attributable to 
blood pressure and the content of blood, fi ltrate, 
and urine in the kidney [ 44 ]. Changes in renal 
blood fl ow have been shown to affect renal stiff-
ness [ 45 ], independent of the presence of fi brosis. 
Therefore renal perfusion needs to be considered 
when interpreting renal stiffness. 

 MRE for the evaluation of renal parenchymal 
disease has been studied in both animals and humans 
including renal allografts [ 42 ,  43 ,  45 – 49 ]. These 
studies have demonstrated feasibility and have also 
shown regional differences in the viscoelastic prop-
erties. A recent study [ 50 ] has shown that higher 
resolution MRE of native kidneys is possible and 
renal medulla has higher stiffness than cortex. 

    MRE of Renal Allograft 

 MRE of the renal allograft is probably easier to 
perform as the graft is usually located in the 
lower abdomen where it is subject to less 
 movement due to respiration, and near the skin 
surface which would facilitate transmission of 
shear waves. Also MRE with a higher frequency 
would be easier due to less attenuation of the 
high frequency shear wave as the graft is superfi -
cial in location (Fig.  11.10 ).

   In recent years, evaluation of renal allografts for 
interstitial fi brosis has generated interest among 
several investigators. Interstitial fi brosis and tubular 
atrophy (IFTA) is the most common cause of renal 
allograft failure. It is hypothesized that the stiffness 
of allografts with IFTA will be higher as there is 

diffuse interstitial fi brosis, which may increase 
tissue stiffness similar to increased stiffness in 
liver fi brosis and cirrhosis. Studies with MRE in 
renal allografts are few. In one study, Lee et al. 
[ 49 ] showed a trend of increased stiffness in patients 
with mild and moderate fi brosis. However no sig-
nifi cant differences were found in this study. The 
study was comprised of only 11 patients with inter-
stitial fi brosis (mild 7, moderate 2, and not signifi -
cant in 1). Another study by Venkatesh et al. [ 51 ] 
demonstrated higher stiffness in patients without 
IFTA (2 patients) as compared to those with IFTA 
(16 patients). This study was comprised of ten 
patients with mild, one patient with moderate, and 
two patients with severe IFTA. Both these studies 
demonstrate complex relationships between renal 
stiffness and interstitial fi brosis. The exact reasons 
are not understood well but may be explained by the 
loss of the micro capillary network that usually 
accompanies or precedes IFTA. This leads to 
reduced perfusion that may reduce tissue stiffness. 
Future studies are needed to tease out the relation-
ship between renal allograft stiffness and interstitial 
fi brosis and renal perfusion. 

 Clearly MRE of the kidneys is an exciting 
fi eld with possible clinical applications in the 
evaluation of chronic parenchymal disease char-
acterized by renal fi brosis and IFTA in renal 
allografts.   

    MRE of the Uterus 

 The uterus is a hollow thick-walled muscular 
organ situated in the pelvis. The bulk of the uterus 
is made of a smooth muscle layer known as myo-
metrium enclosed by a thin external covering 

  Fig. 11.10    MRE of a renal allograft performed at 90 Hz. Anatomical MR image ( a ), wave image ( b ), and stiffness map 
( c ) of a normal renal allograft       
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known as perimetrium. Leiomyoma (fi broid) are 
the most common uterine neoplasms [ 52 ] and can 
cause menorrhagia, infertility, pregnancy loss, 
dysfunctional labor and pelvic pain. Fibroids arise 
from myometrium consisting of homogenous tis-
sue of smooth muscle but enclosed in a capsule 
[ 53 ]. Fibroids are typically fi rmer or harder than 
surrounding myometrium and this is probably due 
to excessive extracellular matrix [ 54 ]. MRE may 
be useful in demonstrating elevated stiffness in 
the region of the fi broid and variability due to dif-
ferences in composition. 

 In a preliminary study, Stewart et al. [ 55 ] 
showed feasibility of MRE for the evaluation of 
uterine fi broids. In this study, MRE of the uterus 
was performed with the patient lying supine on 
the MRI table. A circular pneumatic passive 
driver was placed on their lower abdomen above 
the uterus. This driver was affi xed snugly using 
an elastic “belt.” Continuous 60 Hz longitudinal 
waves were applied to the abdomen via the pas-
sive driver. A modifi ed gradient-recalled echo 
(GRE) MRE sequence was used for the acquisi-

tion using the following parameters: 30° fl ip 
angle, 50 ms TR, 8 phase offsets through time, 
and all three motion sensitizing directions were 
acquired. A 4-mm thick transverse slice was pre-
scribed through the center of the fi broid. The 
waves were analyzed using two criteria; depth of 
penetration and wave amplitude. The wave 
images were inspected to ensure that the waves 
penetrated the entire fi broid. Without wave pen-
etration, elastography cannot be performed. If the 
waves penetrated the entire fi broid, they were 
analyzed to make sure that they had suffi cient 
wave amplitude. The wave images were pro-
cessed using a 2D local frequency estimation 
(LFE) algorithm to create a qualitative map of 
stiffness, called an elastogram. Manually drawn 
regions of interest (ROI) were placed on the 
resulting elastograms and the mean and standard 
deviation are recorded. The leiomyoma studied 
in the study by Stewart et al. ranged in size from 
4.5 to 22.5 cm in diameter. MRE was performed 
successfully in all six patients. The stiffness 
ranged from 3.95 to 6.68 kPa with an average 

  Fig. 11.11    MRE of uterus. MRE performed at 60 Hz in a patient with multiple fi broids. Axial T2 image ( a ), contrast- 
enhanced T1 image ( b ) of pelvis showing multiple fi broids in enlarged uterus. MRE wave image ( c ) showing good propaga-
tion of the shear waves through the uterus and stiffness map ( d ) showing stiff regions corresponding to the fi broids       
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stiffness of 5.09 kPa. The study results showed 
that uterine fi broids have variable stiffnesses 
probably refl ective of their tissue composition. 

 In another study, MRE was performed before 
and after ultrasound ablation (Exablate) of the 
fi broids. In this study, Hesley et al. used MRE to 
characterize the change in fi broids after treatment 
with MR-guided focused ultrasound ablation. 
It was shown that the fi broids become stiffer after 
ablation with focused ultrasound [ 56 ]. 

 Studies have shown the feasibility of MRE of 
the uterine fi broid (Fig.  11.11 ), but more data are 
needed to further validate the initial fi ndings. 
Three-dimensional MRE imaging will be needed 
to allow for the imaging of smaller fi broids.

       MRE of Other Organs 

 Research studies have shown the feasibility of per-
forming MRE for evaluation of aortic wall stiff-
ness [ 57 ,  58 ], thyroid gland [ 59 ], tongue [ 60 ], and 
prostate [ 61 – 63 ] among others. Clinical applica-
tions may emerge in the future for a possible role 
of MRE in evaluation of diseases affecting these 
organs. 

 MR Elastography has proven to be a robust and 
versatile noninvasive technique for assessment of 
the stiffness of different organs. Continuing tech-
nical improvements set the stage for MRE in the 
evaluation of several organs and their pathologies 
that were previously inaccessible.     
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