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Abstract

Many diseases cause substantial changes in the
mechanical properties of tissue, and this provides moti-
vation for developing methods to noninvasively assess
the stiffness of tissue using imaging technology. Mag-
netic resonance elastography (MRE) has emerged as a
versatile MRI-based technique, based on direct visuali-
zation of propagating shear waves in the tissues. The
most established clinical application of MRE in the
abdomen is in chronic liver disease. MRE is currently
regarded as the most accurate noninvasive technique for
detection and staging of liver fibrosis. Increasing expe-
rience and ongoing research is leading to exploration of
applications in other abdominal organs. In this review
article, the current use of MRE in liver disease and the
potential future applications of this technology in other
parts of the abdomen are surveyed.
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Elastography

Mechanical properties of pathological tissues are often
markedly different from those of normal tissues. With
palpation, clinicians can evaluate the ‘‘stiffness’’ of tis-
sues, and this technique is often used to detect tumors in
accessible regions of the body such as the breast, thyroid,
and prostate. Deeper structures, however, such as liver,
spleen, and kidneys are much less accessible to palpation.
Recognizing the potential diagnostic value of quantita-
tively evaluating the mechanical properties of tissue,
several imaging-based ‘‘elastography’’ methods have
been developed. The stiffness of human tissues (normal
and abnormal) is spread over a wider range (several or-
ders of magnitude) in contrast to other physical prop-
erties like X-ray attenuation coefficient, T1-relaxation, or

bulk modulus (Fig. 1). The most commonly available
quantitative elastography techniques currently used in
clinical radiology are ultrasound-based shear wave elas-
tography and MRI-based magnetic resonance elastog-
raphy (MRE).

These dynamic elastography techniques exploit the
fact that the propagation characteristics (such as speed) of
shear waves depend on the mechanical properties of the
medium. In dynamic shear wave elastography, shear
waves are generated in tissue, and the resulting pattern of
wave motion is assessed with ultrasound-based or MRI-
based techniques. The measurements are then processed
to determine the mechanical properties. Most human
tissues are neither completely solid nor completely liquid
and behave differently to stress compared to pure solids
and liquids. In order to simplify the analysis, tissue is
often assumed to be linear, viscoelastic, isotropic, and
incompressible [1–3]. The elastic property assessed by
palpation corresponds to what is expressed as Young’s
modulus (E), or shear modulus (l). For most tissues, the
Young’s modulus and the shear modulus are related by a
simple scale factor of E = 3l; therefore calculation of
either modulus would give similar information termed
tissue stiffness. When shear waves propagate through
tissue, the shear stiffness of tissue can often be calculated
to a good approximation from the measured shear wave
speed (c) and the density of tissue (q) using the equation
l = qc2. Shear waves travel faster in stiffer tissues than in
softer tissues, and this is reflected as longer wavelengths of
the propagating shear waves and is easily appreciated in
MRE-based wave images. More sophisticated mathe-
matical techniques (sometimes called inversion algo-
rithms) can allow estimation of the complex shear
modulus, which reflects both the spring-like elastic
property of tissue and a damping or viscous component
and can yield images that represent these tissue mechan-
ical properties and their spatial distribution. Images of
tissue stiffness are often called elastograms or stiffness
maps. Many review articles have provided detailed
information on the technical basis of dynamic elastogra-
phy [3–16].

Vibration-controlled transient elastography (TE),
commercially known as Fibroscan [17, 18], is an
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ultrasound-based elastography technique that has been
widely used to evaluate liver stiffness. With TE, an actu-
ator in the ultrasound probe induces transient shear waves
that propagate into the liver from the body wall. One-
dimensional (1D) speckle tracking ultrasound is used to
measure the speed of the wave as it propagates away from
the transducer. TE typically assesses a volume of tissue in a
1 9 4 cm cylinder located about 25–65 mm from the skin
surface. Themeasured shear wave speed is converted to an
estimate of Young’s modulus by the algorithm. TE is
widely used especially in Asia and Europe and has shown
excellent accuracy for distinguishing advanced fibrosis
and cirrhosis frommild fibrosis and normal livers [19, 20].
TE has high interobserver agreement and is a reliable

method for excluding cirrhosis [21].AlthoughTE is easy to
perform, it has some limitations: it has limited success in
obese patients and has a reported technical failure of 15%–
20% of exams [21]. TE measurements are typically
obtained at ten locations, but this is still a very small
fraction of the volume of the liver and is confined to the
periphery of the right lobe only. MRE performs better
than TE in the detection and staging of mild fibrosis,
especially significant fibrosis, which is considered as an
indication to start anti-fibrotic therapy.

MRE has similarities to TE in that it is a dynamic
elastography technique that generates shear waves and
images the propagation of these waves in tissue. However,
MRE has a key difference in that MRI permits 2D or 3D
imaging of the propagating waves within the liver. This
permits the system to create 2D or 3D images of elasticity,
depicting and allowing for a much larger volume of the
liver to be assessed. This capability, in contrast to the spot
measurement of TE, probably accounts for the superior
diagnostic performance of MRE in comparison with TE,
especially for detection and staging of mild fibrosis that
has been documented in the literature [22–36].

Technical approach for MRE

The basic approach for MRE consists of three steps
(Fig. 2): 1. Generating shear waves in tissue, 2. Visual-
izing the propagating waves using a phase contrast
sequence (MRE sequence), and 3. Processing the wave
images to produce quantitative cross-sectional images
depicting tissue stiffness.

Mechanical vibrations are applied to the abdomen at
typical frequencies in the range of 40–200 Hz. A number
of devices for generating shear waves have been
described, including pneumatic, electromechanical, and
piezoelectric systems [25, 37–39]. For brevity, this review

Fig. 2. Basic principles of magnetic resonance elastography
illustrated here with an example of liver MRE. A passive driver
is placed over the right lobe of the liver which transmits the
acoustic vibrations from active driver into the abdomen
schematically shown on the conventional MR image. These
vibrations generate mechanical shear waves (yellow dotted

lines). Wave image obtained from a 2D-GRE-MRE sequence
with motion encoding gradients synchronized with the active
mechanical driver and gives a snapshot of the propagating
shear waves. From the wave information, an automatic
inversion algorithm produces a stiffness map also referred to
as elastogram

Fig. 1. Bar chart showing different imaging modalities and
the spectrum of contrast mechanisms utilized by them are
shown. The shear modulus has the largest variation (more
than five orders) of magnitude among various physiological
states of normal and pathologic tissues (adapted with per-
mission from Mariappan et al. [15]).
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focuses on the standardized pneumatic driver system that
is used in current FDA-approved commercial imple-
mentations of MRE. This system uses an acoustic wave
generator that is placed outside the scanner room. A
disk-shaped, nonmetallic drum-like ‘‘passive driver’’ is
applied against the body wall and activated with acoustic
pressure waves conducted via a 25-foot-long, flexible
plastic tube connected to the wave generator to deliver
shear waves to the tissues. .The passive driver can be
easily applied against the body (Fig. 3) and placed under
surface coil arrays commonly used for abdominal
imaging. Newer flexible passive driver designs have
improved ergonomics and may be useful for kidney and
pancreas imaging [40, 41].

The MRE acquisition is a modified phase-contrast
sequence [14, 42]. MRE sequences can be based on gra-
dient-recalled echo (GRE), spin-echo (SE), balanced
steady-state free precision, or echo-planar imaging (EPI)
techniques. Special motion encoding gradients (MEGs)
are used to sensitize the sequence to cyclic tissue motion
caused by the shear waves. These gradients oscillate at
the same frequency as the acoustic vibration that allows
capturing the cyclic motion caused by shear waves with
amplitudes as small as fractions of microns [42–44]. The

timing relationship between the applied mechanical
waves and the MEGs is varied to allow for snapshots of
the waves in the tissue to be acquired during typically
three or four phases of the wave cycle. Immediately after
the wave images are acquired, the MRI system typically
processes them to calculate corresponding elastograms.
The wave images undergo several pre-processing steps
including phase unwrapping, directional filtering, and
removal of gradient field effects before inversion [3]. In
research studies, many kinds of processing algorithms
have been evaluated including local spatial frequency,
phase gradient, direct inversion of the wave equation,
and finite-element-based iterative methods [3, 45–48].

The stiffness maps depict tissue stiffness across the
cross section studied. Regions of interest (ROIs) can be
drawn manually or using an automated segmentation
algorithm to obtain shear stiffness of the organs.

MRE of liver

The most common clinical application of MRE in the
abdomen is in the evaluation of chronic liver diseases.
Multiple studies have demonstrated that MRE surpasses
other noninvasive tests such as serum tests for liver

Fig. 3. Diagram showing placement of the passive drivers
for MRE of the liver, pancreas, spleen, kidney, and uterus.
Note for MRE of the liver, the driver is placed at the level of

xiphisternum (*) and the driver for the kidney is placed on the
back. Ergonomic flexible drivers that can be used for MRE of
the liver/spleen, pancreas and the kidneys are shown (inset).
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function [23, 24, 27] and TE [28] for detection and
staging of liver fibrosis. Liver stiffness measured with
MRE is not affected by the presence of liver fat alone
[25]. MRE is easily performed in patients of different
sizes [25, 49, 50]. MRE has high repeatability, repro-
ducibility, and interobserver correlation for liver stiffness
[22, 33, 34, 51].

Most clinical studies on MRE of the liver are per-
formed after 4–6 h of fasting similar to a clinical liver
MRI study. Follow-up studies would ideally be per-
formed with similar conditions to ensure comparability
as post-prandial status is known to cause increased liver
stiffness in patients with liver fibrosis [52, 53]. Fasting is
the best way to ensure repeatability of the liver stiffness
measurements. The MRE sequence can be performed in
any order during a liver MRI study, and administration
of intravenous gadolinium contrast agents does not sig-
nificantly influence the liver stiffness evaluation [54, 55]

The most widely usedMRE technique is described here
(Fig. 4). The pneumatic passive driver is placed in the right
lower chest /upper abdomen in themid clavicular line at the
level of the xiphisternum so that the largest portion of the
liver is directly under the driver [50]. The 2D-GRE MRE
sequence is performed at 60 Hz, and four slices of 10-mm
thickness are prescribed over the region of liver with the
largest cross section. This is usually near the dome of the
liver,but thedomeshouldbeavoidedas theremaybebreath
holdartifacts.The slicesare obtained inexpiration toensure
reproducibility of the position of the liver. Typical sequence
parameters are as follows: repetition time/echo time (TR/
TE) = 50/18.4 to 26 ms; matrix = 256 9 64; band
width = 33 kHz; flip angle of 30, four phase offsets, and
NEX = 1. The prescribed time to echo is dependent on the
sequence installed, gradient performance, and adjusting
other parameters. A time to echo of 18.4 ms is in the
In-phase, and therefore beneficial in patients with fatty
livers when the signal from the liver parenchyma would be
the highest possible.Reducing the time to echobelow20 ms
may also be useful in patientswith iron overload as it would
marginally increase signal from the liver. Breath hold
duration is about 16–20 s depending on the size of the
patient and field of view prescribed. Using parallel imaging
with an acceleration factor of 2, each section can be
acquired in duration of as short as 12 s.

Stiffness maps are automatically generated within a
few minutes of completion of the MRE sequence
(Fig. 5). Manufacturers have standardized the color scale
of the stiffness maps and have adopted a default scale of
0–8 kPa for liver MRE. Liver stiffness can be quantified
by drawing the ROI on the gray-scale stiffness maps
taking care to avoid large vessels, liver edge, fissures, and
gall bladder fossa that can be visualized on the magni-
tude images of the MRE sequence. Regions of wave
interference that can be seen on wave images are also
excluded for reliable stiffness estimation. A large geo-
graphic ROI provides an assessment of a larger volume

of liver than a few small elliptical ROIs. Larger ROIs can
also be drawn using an automated segmentation algo-
rithm [56]. The average stiffness from several slices is
reported as the mean stiffness value in kilopascals (kPa).
Liver stiffness with MRE is reproducible with >95%

interobserver agreement [24, 34, 57] and has better
agreement than that between pathologists staging liver
fibrosis [58].

Normal liver stiffness is usually less than 2.5 kPa [22]
and most studies have reported normal liver stiffness
within a range of 1.54–2.87 kPa [49]. The influences of
age, sex, race, and ethnicity on the measured normal liver
parenchyma stiffness are not clearly understood; how-
ever, studies have not shown any significant association.
Body mass index (BMI) as a single parameter is also not
significantly associated with liver stiffness, and this is an
advantage over TE which often does not give reliable
results in patients with high BMI that are associated with
a high failure rate [21, 22, 25, 33].

Detection and staging of liver fibrosis

MRE is the most promising noninvasive technique to
replace or reduce the need for invasive liver biopsy, the
current gold standard for detection and staging of liver
fibrosis. Estimation of fibrosis content or burden is
considered to be a better indicator of mild fibrosis than
histologic staging of fibrosis [59, 60]. MRE correlates
well with the fibrosis content of the liver and therefore
may serve as an indicator for fibrosis burden [61]. Liver
stiffness increases with increasing stage of fibrosis
(Fig. 6).

Fig. 4. Schematic diagram of a 2D GRE MRE pulse
sequence. The TR (time to repeat) and TE (time to echo) in
this illustration are 50 and 18.4 ms, respectively. Motion
encoding gradients (MEGs) are synchronized with the applied
vibration throughout image acquisition. The MEGs can be
applied to sensitize the sequence to cyclic tissue motion in
any of the x, y, or z directions, as shown. The phase rela-
tionship (H) between the MEGs and the acoustic waves can
be adjusted in steps to acquire wave images at different
phases of the cyclic motion. Note that TE is variable, and
illustrated here is a TE of 18.4 so that signal is in the in-phase
and gives maximum signal from the liver.
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Multiple published studies have concluded that MRE
has a high diagnostic performance in detection and
staging of liver fibrosis. MRE can differentiate normal
livers from fibrotic livers with an accuracy of ‡90% using
a cut off stiffness values >2.4 kPa [23–25, 27]. MRE can
also detect liver fibrosis when anatomical features of
fibrosis and cirrhosis are absent [62]. The accuracy of
MRE for detecting clinically significant fibrosis and cir-
rhosis are >95% and 98%, respectively [23–25, 27, 28,
35, 36]. The high performance of MRE has been dem-
onstrated in chronic liver diseases of different etiologies
by several investigators.

MRE has a high positive predictive value for ruling in
significant fibrosis and a high negative predictive value for
ruling out cirrhosis which is very useful for clinical deci-
sions in the management of chronic liver diseases [49]. It
should, however, be noted that liver stiffness may be
increased with severe acute inflammation of the liver
(acute hepatitis), acute flare of chronic hepatitis, portal
hypertension, passive congestion due to cardiac failure,

and acute biliary obstruction [63]. MRE of the liver for
assessment of liver fibrosis is best avoided when these
conditions are known to coexist. However, MRE may be
performed when confounding factors such as acute
inflammation or acute biliary obstruction have resolved.

Chronic liver diseases like viral hepatitis, autoimmune
hepatitis, and steatohepatitis are characterized by liver
fibrosis and inflammation, and some studies have shown
that the presence of hepatitis activity may influence liver
stiffness measured with MRE [64, 65], whereas another
study did not show any such influence [24]. The effect of
necroinflammation leading to overestimation of liver
stiffness is most significant in livers with a mild degree of
fibrosis (£stage 2), leading to misclassification of fibrosis
in lower stages [24]. Liver stiffness should therefore be
interpreted carefully when serum alanine amino transfer-
ase levels are high indicating the presence of inflammation
when mild fibrosis is suspected. Rarely a liver biopsy may
be needed to confirmwhen the clinical suspicion of fibrosis
is high and MRE results are not concordant.

Fig. 5. An example of 2D-GRE-MRE sequence of the liver with
raw data and processed images from inversion algorithm. Ima-
ges from a single MRE slice through the liver produces raw
magnitude (A) and (B) phase images. Note the signal loss due to
intravoxel phase dispersion induced by acoustic waves (white
arrow) produced by the driver opposed to the abdominal wall.
Wave image (C) in color showing traversing shear waves

through the cross section of the abdomen. Gray scale stiffness
map (D) on which regions of interest can be drawn to measure
tissue stiffness. Color stiffness map with color scale of 0–8 kPa
(E) useful for a qualitative assessment. Confidence map (F)
showing areas with less reliable stiffness (<95%) crossed out.
Regionsof interest shouldbedrawn within the region not crossed
out for valid stiffness measurement.
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MRE in non-alcoholic fatty liver
disease (NAFLD)

NAFLDis themost commoncauseof chronic liverdisease in
adults in the United States and is increasing in prevalence
among children and adolescents [66–68]. NAFLD has a
spectrum consisting of simple steatosis, steatohepatitis

(NASH) with or without fibrosis, and finally progression to
cirrhosis and development of complications including
hepatocellular carcinoma. Patients with NASH and those
with advanced fibrosis are at particularly high risk of adverse
outcomes and require more intense monitoring and therapy.
Asmentioned earlier, thepresenceof fat alonedoesnot affect
the evaluation of fibrosis in the liver. Simple steatosis in

Fig. 6. Liver stiffness increases with increasing fibrosis
stage. Axial fat suppressed T2-weighted images and stiffness
maps from a normal healthy volunteer and five different

chronic hepatitis C patients with biopsy confirmed fibrosis
(METAVIR stages F0 through F4). The numbers on stiffness
maps are mean liver stiffness.
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isolation does not cause any increased liver stiffness; how-
ever, NASH with or without fibrosis can cause increased
stiffness that is readily detectable with MRE (Fig. 7) [69].
MREcandifferentiate steatohepatitis fromnormal liverwith
an accuracy of 93% [69], and advanced fibrosis (stage 3-4)
from stage 0-2 fibrosis with an accuracy range of 0.92 to 0.95
[70, 71]. MRE can therefore be useful for noninvasive diag-
nosis of advanced fibrosis in NAFLD.WithMRE andMR
fat quantification techniques, MRI can serve as a one-stop
technique in the evaluation of NAFLD [72].

Portal hypertension and varices

Portal hypertension due to chronic liver disease results
from liver fibrosis and associated architectural distortion

and changes in the vasculature. Increased liver stiffness is
associated with esophageal varices and is useful to pre-
dict esophageal varices [73–75]. MRE may be more
accurate than TE for prediction of varices. In one study,
MRE had an accuracy of 0.86 for the presence of
esophageal varices and 0.81 for varices with a high
bleeding risk [75], but in another study, there was no
association between liver stiffness and presence of
esophageal varices [76]. However, in a recent study with
3D MRE [77], both hepatic stiffness and splenic stiffness
were associated with esophageal varices, and the per-
formance of MRE was comparable with dynamic con-
trast-enhanced imaging for predicting the presence of
esophageal varices and high-risk varices. Combined
assessment of contrast-enhanced imaging and MRE

Fig. 7. Utility of MRE in the evaluation of non-alcoholic fatty
liver disease (NAFLD). Examples of patients with biopsy-
proven simple steatosis (first column), non-alcoholic steato-
hepatitis (second column), and steatohepatitis with fibrosis

(third column). In-phase (top row), opposed-phase (middle
row) images from fast gradient sequence and stiffness maps
(bottom row). The mean liver stiffness values were 2.1, 3.6,
and 4.3 kPa, respectively.
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significantly increased the detection of varices of any
grade compared with dynamic contrast-enhanced imag-
ing alone (85% vs. 74%) suggesting added value of MRE
in patients with portal hypertension.

Compensated and decompensated
liver cirrhosis

Patients with cirrhosis are further classified into com-
pensated and decompensated cirrhosis based on the
presence of variceal bleeding, ascites, or hepatic
encephalopathy. The outcome in decompensated liver
cirrhosis is worse than in those with compensated liver
cirrhosis [78]. In a meta-analysis study, Singh et al.
showed that liver stiffness measured with MRE is asso-
ciated with the increased risk of decompensation, devel-
opment of hepatocellular carcinoma, and death [79].

In another study [80], MRE was independently
associated with decompensation. In patients with com-
pensated cirrhosis, the hazard for hepatic decompensa-
tion was 1.42 (95% CI 1.16–1.75) per unit increase in liver
shear stiffness over time. The hazard of hepatic decom-
pensation was 4.96 (95% CI 1.4–17.0, p = 0.019) for a
subject with compensated disease, and mean liver stiff-
ness value was ‡5.8 kPa compared with an individual
with compensated disease and lower mean liver stiffness
values. These studies provide evidence for the role of
MRE of the liver in prognostication and prediction of
clinical outcomes in advanced fibrosis or cirrhosis.

Other applications of MRE in liver

MRE of the liver may be useful in the follow-up of
chronic liver disease. Histologic staging of liver fibrosis is
not sensitive enough to detect minor changes in liver
fibrosis amount or fibrosis progression, and change in
histologic stage does not always reflect change in fibrosis
burden as it involves subjective interpretation of ana-
tomical changes and not an objective assessment of
amount of fibrosis. Histology is therefore not suitable for
monitoring therapies that are designed to stop or cause
regression of fibrosis [81]. As MRE-measured liver stiff-
ness correlates with fibrosis content [61], it may be useful
in demonstrating progression or improvement of liver
stiffness during clinical follow-up (Fig. 8).

MRE may be useful in the evaluation of focal liver
lesions. Preliminary studies have indicated that malig-
nant liver tumors have higher stiffness than benign
tumors and normal liver [82, 83]. Future studies are
awaited for confirmation of results from the preliminary
studies and for possible clinical application in charac-
terization of focal liver lesions.

MRE of liver transplants can also be performed and
has been found useful in the detection of advanced
fibrosis in the liver transplants with recurrence of chronic
liver disease [31, 84, 85]. MRE is also useful in the
evaluation of congestive livers in post Fontan surgery
patients for detection of liver fibrosis [86, 87]. Passively
congested livers may be stiff without any fibrotic chan-
ges, and therefore further studies of these patients with

Fig. 8. Utility of liver MRE in longitudinal clinical follow-up.
Top row (A–D) A case of chronic hepatitis C with baseline
liver stiffness of 4.2 kPa (B), and a follow-up MRE after
3 years following antiviral treatment showed reduced liver
stiffness to 2.8 kPa suggestive of response to treatment.
Bottom row (E–H) Another case of chronic hepatitis C with a

baseline liver stiffness of 4.2 kPa who showed progression of
disease with liver stiffness increasing to 6.3 kPa within one
year. This patient later developed portal hypertension on fol-
low-up with stiffness increasing to 9.2 kPa after 3 years (not
shown). Note there are no significant morphological changes
in liver on the T2-weighted images for both cases.

752 S. K. Venkatesh et al.: Magnetic resonance elastography of abdomen



MRE are required to establish the correlation between
congestion and liver stiffness.

Limitations of liver MRE

2D GRE-MRE is sensitive to the presence of iron in the
liver, and therefore MRE may technically fail in patients
with high liver iron content. The presence of iron results
in poor signal from the liver, but is not known to affect
stiffness properties. The shear waves still travel through
the liver, but the signal from the liver is poor for a valid
MRE. Newer sequences with low echo times that can
improve liver signal have been developed and are useful
in these livers [88]. Similar to other body MRI sequences,
MRE may be limited in patients who are poor and
inconsistent breath holders. Patients can be coached for
breath holding for increased cooperation. One may also
modify the MRE sequence, for example, decreasing FOV
as much as possible or reducing the matrix size (at the
cost of resolution) to reduce the breath hold time and
obtain a valid result.

MRE of spleen

Splenomegaly is a common finding in patients with cir-
rhosis and non-cirrhotic portal hypertension and is
probably due to increased portal venous pressure leading
to congestion of blood in the spleen.

MRE of the spleen is best performed by placing the
passive driver over the spleen, although propagation of
the shear waves through the spleen can also be seen when
MRE of the liver is performed [76, 89]. MRE performed
with the passive driver over the spleen would ensure good
propagation of shear waves through it resulting in reli-
able stiffness map generation. In general, MRE of the
spleen is also performed at the same acoustic frequency
of 60 Hz similar to liver. In earlier studies, splenic stiff-
ness was found to correlate with splenic size, platelet
count, and the presence of esophageal varices in patients
with chronic liver disease [76, 90]. Spleen stiffness cor-
relates with liver stiffness and, in patients with liver
fibrosis, spleen stiffness increases in parallel with
increasing liver stiffness [76]. A splenic stiffness greater
than 10.5 kPa is predictive of esophageal varices (Fig. 9),
suggesting the usefulness of splenic stiffness evaluation as
a noninvasive method to assess portal hypertension. A
large meta-analysis of studies on splenic stiffness mea-
surement with ultrasound-based elastography techniques
showed 78% sensitivity and 76% specificity for detection
of any degree of esophageal varices based on pooled
estimates, which is not accurate enough to support its use
in routine clinical practice. There have been a limited
number of large studies with MRE of the spleen; there-
fore, the role of MRE of spleen for noninvasive predic-
tion of esophageal varices is difficult to ascertain.
Recently, Shin et al. [38] using a 3D echo planar MRE
technique demonstrated that both hepatic and splenic

stiffness had positive linear correlations with the endo-
scopic grade of esophageal varices. In another study,
spleen stiffness was found to have a significant correla-
tion with the direct hepatic venous pressure gradient
(r2 = 0.86, p < 0.001) [91]. Another study by Ronot
et al. [92] showed that spleen loss modulus was the best
parameter for identifying patients with severe portal
hypertension (p = 0.019, AUROC = 0.81) or high-risk
varices (p = 0.042, AUROC = 0.93). Both studies
suggest a promising role for MRE of the spleen in the
evaluation of portal hypertension and significant
esophageal varices

MRE of pancreas

Chronic pancreatitis results in fibrosis of the gland, and
adenocarcinoma of the pancreas is associated with a
scirrhous tissue reaction. These processes may increase
the stiffness of the pancreas and hence the increased
interest in exploring the technique of MRE for evalua-
tion of the pancreas and its disorders.

The midline retroperitoneal location and small size of
the pancreas poses a challenge to performing an MRE of
this gland; however, an initial study showed the feasi-
bility of this technique [93]. Recently Shi et al. [41] per-
formed MRE in normal volunteers using a modified
ergonomic flexible driver. As the gland is small, several
modifications were needed to ensure a valid stiffness
estimation. A three-dimensional (3D) spin-echo echo
planar imaging (SE-EPI) MRE sequence operating at
40 Hz was found to be the most suitable (Fig. 10). A
direct inversion algorithm was also used to estimate tis-
sue stiffness. As the pancreas is related to the stomach
above, subjects for MRE should have an empty stomach
so that the distance between the driver on the skin and
the pancreas is reduced to ensure good wave propaga-
tion. This also would minimize any compression of the
pancreas by a full stomach. The mean stiffness of a
normal pancreas at 40 Hz was 1.15 ± 0.17 kPa, and at
60 Hz, the stiffness was similar to a normal liver paren-
chyma.

The initial studies have shown the feasibility of per-
forming MRE of the pancreas and results from studies
evaluating its role in chronic pancreatitis and pancreatic
cancers (Fig. 11) are eagerly awaited.

MRE of kidneys

The retroperitoneal location of the kidneys poses chal-
lenges for the propagation of shear waves through them.
In a preliminary study, the feasibility of MRE of the
kidneys in healthy volunteers with subjects lying supine
on an external driver was demonstrated [94]. It is also
possible to design smaller drivers to be placed in contact
with the back closer to the kidneys to ensure good
propagation of shear waves, and this technique is still
under evaluation. In view of the small size of the kidneys,
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a higher frequency (90 Hz,) and a 3D MRE technique
similar to that described for MRE of the pancreas would
be suitable. MRE studies of the kidneys can be obtained
in various planes, but the coronal plane including both
kidneys would be useful for comparison (Fig. 12).

Renal stiffness is dependent on its tissue components.
Kidneys are perfused richlywith~25% of the cardiac output.
Nearly one fourth of the renal volume under normal physi-
ological status can be attributed to blood pressure, blood
within the kidneys, the glomerular filtrate within the tubules,

Fig. 9. MRE of the spleen. Top row A patient with chronic
hepatitis C cirrhosis with portal gastropathy and esophageal
varices. Bottom row Another patient with cryptogenic cirrhosis

with portal hypertension, esophageal varices and ascites. In
both cases, the splenic stiffness is more than 10 kPa.

Fig. 10. MRE of normal pancreas with 3D-EPI MRE tech-
nique performed at 40 Hz. Magnitude images (top row) and
stiffness maps (bottom row) showing tail, body, neck, head,
and uncinate parts of the pancreas. Note the homogeneous

appearance of the pancreas on the stiffness maps. (Image
courtesy—Dr. Yu Shi, Radiology, Shengjing hospital, China
Medical University, Shenyang, Liaoning, China).
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andurine [95].Renal blood flowmay contribute significantly
to the measured stiffness of the kidneys [96]. Anisotropy of
the renal tissue may also impact on the stiffness evaluated in
the kidney [97, 98]. Themedulla is predominantly composed
of tubular structures like vasa recta, collecting tubules, and
Henle loops that run fromthe capsule to thepapillamaking it
highly anisotropic compared with the cortex made of pre-
dominantly glomeruli and proximal tubules. Urinary
obstructionmayalso influence the stiffness as itmay increase
the intrarenalpressure.Thecontributionofabovementioned
anatomical and physiological factors with measured renal
stiffness need to be further studied for its clinical use.

In a study with young healthy adults at 45-Hz fre-
quency, Rouviere et al. [99] showed that MRE of the
kidney was reproducible with an intrasubject variability
of only 6%. In a recent study, high-resolution MRE of
the kidney was performed in nine healthy volunteers. In
this study, the renal medulla was shown to have a
higher stiffness than the cortex [100] which may be
attributed to the complex tubular structure and more
interstitium in the medulla. More definitive information
on the regional variation of renal stiffness may be
obtained with 3D MRE evaluation. Larger studies
exploring the utility of MRE in chronic renal

Fig. 11. MRE of pancreas performed at 40 Hz. Axial T2-
weighted image (A) shows a mildly hyperintense mass in the
head of pancreas representing histology-proven well-differ-
entiated adenocarcinoma. Stiffness map (B) showing in-

creased stiffness of the mass at 2.9 kPa, significantly higher
than normal pancreas stiffness of 1.1 kPa (Image cour-
tesy—Dr. Yu Shi, Radiology, Shengjing hospital, China
Medical University, Shenyang, Liaoning, China).

Fig. 12. MRE of the native kidneys performed at 90 Hz in
coronal plane in a normal healthy volunteer. A single large
driver was placed in midline with the volunteer lying supine

over the driver. Stiffness map (B) demonstrating symmetric
stiffness distribution in the kidneys (outlined). The mean
stiffness of the kidneys was 6.4 kPa.
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parenchymal disease are currently not available and are
eagerly awaited.

Few studies have focused on MRE of the renal
transplant. MRE of the renal transplant is technically
easier to perform as renal transplants are usually located
in the iliac fossa and therefore subject to less respiratory
movement. They also are near to skin surface which
facilitates better propagation of shear waves and less
attenuation of high-frequency shear waves (Fig. 13). In a
preliminary study, a trend of increased stiffness in the
transplants of patients with a mild or moderate degree of
interstitial fibrosis was found with no significant differ-
ences [101]. In another preliminary study, higher stiffness
was found in patients without interstitial fibrosis com-
pared to those with fibrosis [102]. The preliminary
studies show a complex relationship between renal stiff-
ness, and the pathological processes in a renal transplant
and needs to be further evaluated. MRE of renal trans-
plants is another exciting area for future study and may
be valuable in the evaluation of grafts in the future.

MRE of uterus

The mechanical integrity of the uterine cervix is impor-
tant for a successful pregnancy. Altered tissue structure
may result in significant changes in the mechanical
properties of the cervix and result in premature delivery.
A noninvasive method to assess stiffness of the uterus

and cervix may be useful in understanding mechanical
factors affecting premature delivery and infertility.
Knowledge of mechanical properties of normal uterus
and cervix may also be useful in differentiation of focal
lesions arising from these organs.

3D MRE of the uterus in healthy female volunteers
showed that the uterine corpus had a higher elasticity but
similar viscosity compared with cervix [103]. In this
study, it was also found that stiffness of both endome-
trium and myometrium decreased during the menstrual
cycle. More studies are required to confirm these pre-
liminary findings.

Uterine fibroids or leiomyoma are common and fre-
quently associated with pelvic symptoms and infertility.
Fibroids have variable composition, and evaluation of
the stiffness of the fibroids may give insights into their
composition for treatment planning such as hi-frequency
ultrasound (HiFU). Mechanotransduction is thought to
be a significant factor affecting the growth of uterine
fibroids. Stiffness of fibroids may contribute to their
growth [104] and possibly their recurrence.

In a preliminary study, Stewart et al. [105] performed
MRE of the uterus in a supine position with the passive
driver placed on the lower abdomen overlying the uterus.
A 2D-GRE MRE sequence at 60 Hz acoustic frequency
similar to that of liver MRE was used (Fig. 14). They
demonstrated variable stiffness of the fibroids that
probably represents different composition of the fibroids.

Fig. 13. MRE of a normal functioning transplant kidney
performed at 90 Hz. Axial T2-weighted image (A) showing a
normal size renal graft in the right iliac fossa. Wave image (B)

demonstrating propagation of shear waves through the graft
and a stiffness map (C) with graft outlined. The mean stiffness
of the graft was 6.8 kPa.

Fig. 14. MRE of a fibroid uterus performed at 60 Hz. Axial
T2-weighted image (A) showing several hypointense fibroids
(arrows), wave image (B) showing excellent propagation of

the shear waves through the uterus and fibroids. Stiffness
map (C) showing stiff areas corresponding to the fibroids.
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However, this was not histologically correlated, and fu-
ture studies in this direction are required. The fibroids
studied had an average stiffness of 5.09 kPa (range 3.95–
6.68 kPa). The size of the fibroids studied was in the
range of 4.5–22.5 cm. Evaluation of tiny fibroids may be
best done with a 3D MRE sequence. In another study,
Hesley et al. [106] showed that fibroids became stiffer
after HiFU. Results from these preliminary studies are
encouraging and provide motivation for future studies
on stiffness of uterine fibroids and its correlation with
histological findings for characterization of the fibroids.
Assessment of mechanical properties of uterine fibroids
may be useful for prediction of their growth and pre-
dicting treatment outcomes.

MRE of other abdominal organs

Successful clinical application of MRE of the liver and its
increasing utility have stirred interest in evaluation of
other abdominal organs. Evaluation of prostate via
transrectal and transperineal approaches has been
described [107, 108]. Other organs to be explored include
bowel and urinary bladder. These organs are technically
challenging owing to their location, mobility, physio-
logical motion, and/or small size of tissue (wall thick-
ness) to be studied. However, newer innovations in MRE
may soon make it possible to evaluate these organs.
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