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SA-CME LEARNING OBJECTIVES

After completing this journal-based SA-CME
activiry, participants will be able to:

m Describe the advantages and disadvan-
tages of the available tests for assessment
of hepatic fibrosis.

m Discuss the utility of US elastography
and MR elastography in the staging of
liver fibrosis.

m Recognize the pitfalls of elastography.

See www. rsna.orgleducation/search/RG.

Chronic liver disease has multiple causes, many of which are increas-
ing in prevalence. The final common pathway of chronic liver disease
is tissue destruction and attempted regeneration, a pathway that trig-
gers fibrosis and eventual cirrhosis. Assessment of fibrosis is impor-
tant not only for diagnosis but also for management, prognostic eval-
uation, and follow-up of patients with chronic liver disease. Although
liver biopsy has traditionally been considered the reference standard
for assessment of liver fibrosis, noninvasive techniques are the emerg-
ing focus in this field. Ultrasound-based elastography and magnetic
resonance (MR) elastography are gaining popularity as the modali-
ties of choice for quantifying hepatic fibrosis. These techniques have
been proven superior to conventional cross-sectional imaging for
evaluation of fibrosis, especially in the precirrhotic stages. Moreover,
elastography has added utility in the follow-up of previously diag-
nosed fibrosis, the assessment of treatment response, evaluation

for the presence of portal hypertension (spleen elastography), and
evaluation of patients with unexplained portal hypertension. In this
article, a brief overview is provided of chronic liver disease and the
tools used for its diagnosis. Ultrasound-based elastography and MR
elastography are explored in depth, including a brief glimpse into the
evolution of elastography. Elastography is based on the principle of
measuring tissue response to a known mechanical stimulus. Specific
elastographic techniques used to exploit this principle include MR
elastography and ultrasonography-based static or quasistatic strain
imaging, one-dimensional transient elastography, point shear-wave
elastography, and supersonic shear-wave elastography. The advan-
tages, limitations, and pitfalls of each modality are emphasized.
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Introduction
Most forms of chronic liver disease culminate in a final common
pathway of progressive fibrosis and, ultimately, cirrhosis. Causes of
chronic liver disease include viral infection, alcohol abuse, nonalco-
holic fatty liver disease, biliary disease, autoimmune disease, genetic
causes, and metabolic disorders, among others (1). These insults
cause inflammation and tissue destruction, followed by attempts at
regeneration and healing. Repeated episodes of tissue injury and
healing eventually result in fibrosis and cirrhosis.

According to the Centers for Disease Control and Prevention (2),
an estimated 240 million people in the world have chronic hepati-
tis B virus infection, including as many as 1.4 million people in the
United States. An estimated 160 million individuals worldwide have
hepatitis C, including approximately 3.2 million U.S. residents (2).
The prevalence of nonalcoholic fatty liver disease (directly linked to
obesity, diabetes, and dyslipidemia) is estimated to be 27%-34% in
the United States (2). Overall, an estimated 30 million Americans
have chronic liver disease (2).
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TEACHING POINTS

B A value of more than 0.65 for the ratio of the caudate lobe
width to the right lobe width is considered 100% specific
for cirrhosis.

B Fibrosis cutoff values for US elastographic techniques are
manufacturer dependent because of the variability in velocity
measurements, depending on the US equipment used.

B US elastographic confounders can be technical confounders,
which are related to hardware and operator factors, or biolog-
ic confounders, which are related to physiologic and patho-
logic alterations in tissues that result in spurious findings. For
example, higher velocities obtained from left lobe measure-
ments, compared with right lobe measurements, are a techni-
cal confounder. This artifactual increase in velocity is probably
related to the left lobe being more prone to compression by
the US probe, the stomach, or the heart. Intercostal measure-
ments of the right lobe are thus preferred.

B Quality control of the images produced with MR elastography
requires several steps to ensure a diagnostic-quality examina-
tion and to detect potential confounding causes of altered
liver stiffness.

B |t should be recognized that the strength of elastography
lies in detecting liver fibrosis and estimating the stage of liver
fibrosis, but elastography does not provide a pathologic di-
agnosis of the cause of fibrosis. If the cause of fibrosis is in
question, correlation with conventional images, laboratory
findings, clinical factors, and, possibly, biopsy results will be
needed.

The prognosis and management of liver
disease depend on the stage and progression of
fibrosis (3). Advanced fibrosis is an independent
risk factor for development of hepatocellular
carcinoma (4). Furthermore, in patients with a
small hepatocellular carcinoma, the outcomes of
tumor resection are dependent on the status of
the liver parenchyma and fibrosis (5). Thus, it is
vital to accurately stage the degree of fibrosis in
patients with chronic liver disease. Liver biopsy
is considered the reference standard for assess-
ment of fibrosis (6). Nevertheless, liver biopsy is
an invasive procedure that carries a fair risk of
morbidity and a small risk of mortality. With the
rising prevalence of chronic liver disease, interest
is increasing in the development of noninvasive
methods of estimation of liver fibrosis. Evidence
is growing that elastography is a safe, noninvasive,
and reliable option for the evaluation of fibrosis
in patients with chronic liver disease.

Nonelastographic
Evaluation of Chronic Liver Disease

Liver Biopsy

Liver biopsy is the current reference standard for
diagnosis of hepatic fibrosis. Liver biopsy is an
invasive procedure that involves core sampling of
at least five portal tracts; sampling of greater than
11 portal tracts is considered optimal (7). Each
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core sample should be at least 2 cm long for reli-
able diagnosis.

Commonly used fibrosis staging systems
include the METAVIR system, the Ishak system,
the Knodell score or histology activity index, and
the Batts-Ludwig system. Among these systems,
the METAVIR and Ishak systems are most
frequently used for grading activity and staging
fibrosis (8). Although the METAVIR system was
developed primarily for use in viral hepatitis, its
use has expanded, and it is commonly used for
the assessment of other chronic liver diseases.

Although liver biopsy is the benchmark for
diagnosing liver fibrosis, it has its own disadvan-
tages. There is a danger of hemorrhage (1.7%
risk) (9), which in patients with cirrhosis may
be compounded by abnormality of coagulation
secondary to hepatic dysfunction. There is a small
risk (0.01%—-1%) of death (9—11). Although liver
biopsy is excellent for establishing the diagnosis
of chronic liver disease, it is generally considered
less reliable for assessing the severity of fibrosis
(12). Fibrosis is heterogeneous in distribution,
which results in the risk of sampling error (13,14).
Although there are several established scoring sys-
tems, categorization into different stages of fibrosis
is based on subjective assessment, which results
in considerable intraobserver and interobserver
variability (15,16). Even in the hands of an expert
pathologist who is interpreting the results, liver
biopsy has as much as a 20% error rate in disease
staging (12). Moreover, serial examination for
follow-up is impractical, which renders assessment
of treatment response with liver biopsy difficult.

Blood Tests
Tests for several direct and indirect markers of
liver fibrosis are available commercially today.
Tests for indirect markers range from simple
laboratory tests, such as the platelet count,
prothrombin time, albumin level, total bilirubin
level, and serum aminotransferase levels, to more
sophisticated tests, including levels of hyaluronic
acid and a,-macroglobulin. Direct markers of
fibrosis include levels of procollagen (types I, III,
and IV), matrix metalloproteinases, cytokines,
and chemokines. Investigators have shown that a
panel of these measures is superior to stand-alone
tests (17). Advantages include ready availability,
cost-effectiveness, and the capability of perform-
ing serial testing for follow-up. Some disadvan-
tages include a relative lack of specificity and a
limited ability to quantify fibrosis (18).The lack
of access to these tests at some institutions is
another drawback.

None of these markers have evolved as the
standard of practice for primary assessment of
liver fibrosis. Biopsy and, more recently, elastog-
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raphy remain the modalities for primary assess-
ment of hepatic fibrosis. Nonetheless, blood tests
are helpful in confirming or refuting a diagnosis
in cases in which the findings from elastography
and biopsy are equivocal.

In our practice, the two most commonly used
blood tests are a liver fibrosis panel (HepaScore;
Quest Diagnostics, Madison, NJ) and a patented
biomarker test (FibroSure; LabCorp, Burlington,
NC). The HepaScore is a complicated algorithm
that uses age, sex, and levels of total bilirubin,
v-glutamyltransferase, a,-macroglobulin, and
hyaluronic acid (19). At HepaScore values less
than or equal to 0.2, the negative predictive value
to exclude fibrosis is 98%. At values greater than
or equal to 0.8, the positive predictive value for
predicting cirrhosis is 62%. Thus, HepaScore is a
good test to exclude fibrosis, but a HepaScore of
greater than 0.2 requires use of an adjunct fibro-
sis marker to predict cirrhosis.

The FibroSure (20) algorithm uses age, gen-
der, and levels of a -macroglobulin, haptoglobu-
lin, y-glutamyltransferase, apolipoprotein A-1,
total bilirubin, and alanine aminotransferase. At a
cutoff value of less than 0.31, the negative predic-
tive value for the absence of fibrosis is 91%. At
a cutoff of 0.72, the positive predictive value for
clinically significant fibrosis is 76%. The Fibro-
Sure test also provides an estimation of the grade
of fibrosis. This model is good at excluding or
confirming the diagnosis, but results are indeter-
minate in the middle ranges, necessitating the use
of adjunct tests in those cases.

Cross-sectional Imaging
Computerized tomography (CT), magnetic
resonance (MR) imaging, and ultrasonography
(US) can be useful in the imaging of chronic liver
disease. Images obtained with these modalities
may be used to assess the liver for the presence of
fibrosis by the depiction of (@) anatomic distor-
tion; (b) changes in parenchymal attenuation,
signal intensity, or echotexture; and (¢) alterations
in dynamic contrast enhancement. Assessment of
complications such as portal hypertension, ascites,
and hepatocellular carcinoma is also possible.
However, these imaging modalities are typically
insensitive for the evaluation of early fibrosis and
may not be helpful until cirrhosis develops.
Anatomic signs of cirrhosis include surface
nodularity (Fig 1a), segmental hypertrophy or
atrophy, enlarged periportal hilar space, the
enlarged gallbladder fossa sign, widened fis-
sures, the creeping fat sign, and the posterior
hepatic notch sign. A value of more than 0.65
for the ratio of the caudate lobe width to the
right lobe width is considered 100% specific for
cirrhosis (21) (Fig 1b). However, the caudate
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lobe—to—right lobe width ratio has only moder-
ate overall interreader agreement, with a k value
of 0.53 (22). Signs of portal hypertension are
indirect markers for cirrhosis. These signs include
a dilated portal vein (Fig 1c), cavernous trans-
formation of the portal vein, recanalization of the
umbilical vein, splenomegaly, ascites, and varices
(Fig 1d), among others. When anatomic signs are
found, they are most useful; however, their ab-
sence cannot be used to reliably exclude fibrosis
or cirrhosis of the liver.

Emerging imaging techniques for the detection
of liver fibrosis have shown promise in the initial
studies. Aguirre et al (23) demonstrated that it is
possible to diagnose cirrhosis and grade liver fibro-
sis on the basis of hepatic texture alterations de-
picted on MR images obtained after administration
of superparamagnetic iron oxide (SPIO)-based
and/or gadolinium-based MR contrast agents. The
disadvantage with this approach is the use of two
contrast agents. The SPIO agents are currently not
approved by the U.S. Food and Drug Administra-
tion. Ou et al (24) demonstrated that the hepatic
arterial enhancement fraction (ratio of hepatic arte-
rial perfusion to the total hepatic perfusion) can be
used as a noninvasive way to differentiate normal
liver parenchyma from mild fibrosis and to dis-
tinguish mild-to-moderate fibrosis from cirrhosis.
Zissen et al (25) showed that a noninvasive method
of CT quantification of the hepatic fractional extra-
cellular space volume may be used to differentiate
the presence and absence of clinical cirrhosis and,
potentially, to grade the severity of diffuse liver dis-
ease. This technique requires obtaining additional
delayed-phase CT images.

Recently, US elastography and MR elastog-
raphy have emerged as superior modalities for
evaluation of liver fibrosis. Investigators have
demonstrated that MR elastographic values are
better than morphologic features on MR images
for the prediction of advanced fibrosis and cir-
rhosis (22,26).

Basic Principles of Elastography
The elasticity of a material describes its tendency
to resume its original size and shape after be-
ing subjected to a deforming force or stress. The
change in size or shape is known as the strain. The
force acting on unit area is known as the stress.
Elastography refers to an imaging technique that
images and/or quantifies elasticity (mechanical
properties) of biologic tissues. Mechanical prop-
erties reflecting tissue organization, physiologic
findings, and pathologic conditions can be quanti-
fied with elastography (27). Tissues are considered
viscoelastic in their mechanical properties. Elasto-
graphic techniques assess the stiffness of the tissue
on the basis of many mechanical assumptions.
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Figure 1. Anatomic imaging of cirrhosis in four patients. (a) Axial contrast material-enhanced CT image of a 63-year-
old man with cirrhosis shows the nodular contour of the liver surface, a finding that indicates cirrhosis. (b) Axial
contrast-enhanced CT image of a 53-year-old man with cirrhosis shows caudate lobe hypertrophy (red oval). Green line
1 is a vertical line drawn through the lateral border of the main portal vein, green line 2 is a vertical line drawn through
the left lateral border of the caudate lobe, and green line 3 is a horizontal line midway between the hepatic vein and the
main portal vein, drawn perpendicular to lines 7 and 2. Caudate lobe and right lobe widths are indicated by the yellow
and blue double-headed arrows, respectively. A ratio of the caudate lobe width to the right lobe width that is more than
0.65 is considered 100% specific for cirrhosis. (c) Coronal gadolinium-enhanced T1-weighted MR image of a 60-year-
old man with cirrhosis and portal hypertension shows a dilated portal vein measuring 1.51 cm in diameter (black line)
and ascites, findings that are indicative of portal hypertension, an indirect sign of cirrhosis. (d) Axial contrast-enhanced
CT image of a 74-year-old woman with cirrhosis and portal hypertension shows paraesophageal varices (circle), a
finding that indicates portal hypertension resulting in collateralization. This finding is another indirect sign of cirrhosis.

These assumptions include the viscoelastic nature use static compressions for elasticity assess-

of tissue, isotropy, homogeneity, and incompress- ment such as real-time elastography and strain-

ibility, so that calculations are simplified and useful encoding imaging. However, these techniques

for clinical applications. are most helpful in the assessment of superficial
The principle of measuring tissue response and easily accessible tissues such as the breast,

to a known mechanical stimulus forms the basis thyroid gland, and parotid glands. Dynamic

for elastography. The stimulus can be static, stimulus—based techniques typically use vibra-

quasistatic, or dynamic (Fig 2). An example of tions in the range of 20-500 Hz and study the

a static stimulus is manual palpation, which is properties of the waves produced by the vibra-

used clinically. Imaging-based techniques can tions that propagate through the tissues. Typical
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Elastography

| |
Static/quasistatic Dynamic
- Strain imaging (shear-wave imaging)

| ]
Transient Continuous
- 1D transient elastography - MR elastography
- Point shear-wave elastography
- Supersonic shear-wave imaging

Figure 2. Diagram shows the various elastographic techniques.
1D = one-dimensional.

examples are US-based shear-wave elastography
and MR elastography.

Most techniques measure the propagation
velocity of mechanical waves propagating within
tissue to calculate the stiffness parameters. It
is important to understand that the measured
parameters are not equal or comparable among
the different techniques. For example, transient
elastography measures the bulk modulus, or Young
modulus (E); whereas MR elastography measures
the magnitude of the shear modulus (u). The bulk
modulus is roughly three times the shear modulus
(E = 3w); however, both measures are expressed in
kilopascals. In shear-wave elastography, the velocity
of the shear waves is reported in meters per second.
Another important difference is the frequency of
vibration used. For example, transient elastography
uses 50 Hz, whereas MR elastography uses 60 Hz.
Mechanical properties are frequency dependent
and proportional to the frequency used.

Chronic liver disease leads to the develop-
ment of fibrosis (accumulation of collagen fibers),
which results in increased stiffness of the hepatic
parenchyma. A stiffer tissue resists deformation
and results in faster propagation of mechanical
waves. The change in this mechanical property
allows for the differentiation of normal liver pa-
renchyma from fibrotic liver and cirrhosis.

Evolution of Elastography
As far back as 400 BC, clinicians have used man-
ual palpation of tissue stiffness to assess pathologic
conditions (28). Elastography, in some sense, is a
sophisticated palpation technique. The term elas-
tography was first coined by Ophir et al (29).

In a landmark study published in 1952 that
heralded the evolution of elastography, von Gierke
and colleagues (30) used photography and a
strobe light to record vibration waves on the skin.
They observed a correlation between increased
frequency and increased tissue impedance.

In 1983, Eisenscher et al (31) studied induced
quasistatic compression by applying a 1.5-Hz
vibration source to liver tissue and using M-mode
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US to measure wave propagation. They found
that benign lesions had a sinusoidal response to
compression, whereas malignant lesions had a
more linear (flat) response. Modern one-dimen-
sional transient elastography uses a similar basic
technique.

Subsequently, in 1985, Birnholz and Farrell (32)
made an attempt to qualitatively determine the stiff-
ness of fetal lungs by evaluating lung compression
caused by cardiac pulsation on B-mode US images.
They proposed that soft lung tissue compresses,
and stiff lung tissue exhibits no regional defor-
mation. This US technique is one of the initial
examples of quasistatic strain imaging.

One of the earliest studies of vibration ampli-
tude sonoelastography was conducted by Lerner
and Parker (33) in 1987. They studied the propa-
gation of shear waves through tissues after applica-
tion of a continuous low-frequency vibration. This
study, among others, led the way to the subse-
quent development of shear-wave elastography.

In 1995, Muthupillai et al (34) paved the
way for the development of MR elastography by
inducing harmonic vibrations of acoustic-range
frequencies and imaging the propagation of
these vibrations with an MR-based sequence to
calculate quantitative values for tissue mechani-
cal parameters.

Ophir et al (29) were the pioneers of quasistatic
elastography, which was developed in the early
1990s. Catheline et al (35) first demonstrated the
utility of one-dimensional transient elastography
in the measurement of elastic properties. In 1998,
Sarvazyan et al (36) proposed shear-wave elastog-
raphy as a new elastographic method. In 2008,
Tanter et al (37) of the Institut Curie conducted
the first clinical in vivo evaluation of supersonic
shear-wave elastography of breast lesions.

Elastography

in Chronic Liver Disease
The main clinical indication for liver elastography
is the detection and staging of fibrosis in patients
with chronic liver disease. Other indications in-
clude follow-up of previously diagnosed fibrosis,
assessment of treatment response in patients with
hepatic fibrosis, assessment for the presence of
clinically significant portal hypertension (spleen
elastography) (38), and evaluation of patients
with unexplained portal hypertension.

Recently, the efficacy of elastography in the di-
agnosis of fibrosis has become even more relevant
in patients with hepatitis C. In the past, adminis-
tration of interferons was the mainstay of therapy,
with a high incidence of associated side effects.
However, with the advent of hepatitis C virus
polymerase inhibitor therapy, cure rates approach
100%, with minimal side effects. The downside
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Figure 3. Strain elastography. Gray-scale US
image (left) of an 81-year-old woman with inva-
sive papillary carcinoma shows a 1.47-cm com-
plex cystic and solid mass. Strain elastographic
image (right) of the same patient shows that the
lesion has mixed stiffness, with hard elasticity
(red areas indicated by white arrows) correlat-
ing to the solid component, and with the cystic
component (blue areas indicated by black ar-
rows) appearing soft. (Courtesy of Katie N. Hunt,
MD, Breast Imaging Department, Mayo Clinic,
Rochester, Minn.)

of this class of drugs is the treatment expense—a
complete course of therapy costs approximately
$90000. Current reimbursement patterns sup-
port the use of this therapy only for patients with
advanced fibrosis or cirrhosis (METAVIR F3 and
higher), creating a need for staging of fibrosis.
Nonalcoholic fatty liver disease is the most
common cause of chronic liver disease in the
United States and one of the leading reasons
for liver transplantation (39). For patients who
develop nonalcoholic steatohepatitis with the
highest risk of fibrosis progression, early detec-
tion and noninvasive monitoring are important.
Most physicians and patients would prefer a
noninvasive test for both staging and follow-up
(40). Hence, elastography is gaining increasing
acceptance as a noninvasive method of fibrosis
assessment in these patients.

US Elastography
US Elastographic Techniques

Static or Quasistatic Strain Imaging.—In static
or quasistatic elastography, also known as com-
pression elastography, stress is applied by re-
peated compression, and the amount of lesion
deformation relative to the surrounding normal
tissue is measured and displayed in color (Fig 3).
The applied compression may be manual com-
pression with the transducer (quasistatic) or may
be from physiologic compression of tissues adja-
cent to moving structures in the body, such as the
heart and lungs (static). Because the amount of
applied compression is variable and not quantifi-
able, there is substantial variability (41).

The main use of static or quasistatic elastog-
raphy is in the evaluation of breast and thyroid
lesions. Ko et al (42) found that the sensitivity
and specificity of strain elastography were 89%
and 81%, respectively, for diagnosing malignancy
in their study of 367 thyroid nodules. Currently,
this technique is unlikely to be useful in the as-
sessment of chronic liver disease because several
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factors, including the intercostal space width and
the thickness of the subcutaneous fat, would limit
compression of the liver.

One-dimensional Transient Elastography.—
For one-dimensional transient elastography
(FibroScan; Echosens, Paris, France), a US
transducer probe is mounted on the axis of a
vibrator. Low-frequency (50-Hz) vibrations are
transmitted by the transducer, inducing an elas-
tic shear wave that propagates through the un-
derlying tissues. Pulse-echo US acquisitions are
then used to measure the velocity of propagation
of the shear wave, which is directly proportional
to the tissue stiffness.

Transient elastography measures the liver
stiffness in a volume that approximates a cylinder
1 cm wide and 4 cm long, with a measurement
depth between 25 mm and 65 mm below the
skin surface. This volume is at least 100 times
larger than a biopsy sample and is therefore far
more representative of the hepatic parenchyma.
To achieve a valid evaluation of liver stiffness, at
least 10 successful measurements of liver stiffness
must be obtained within a defined interquartile
range with a success rate (number of successful
measurements of the total number attempted) of
greater than 60% (43), a requirement that places
immense importance on adequate technique for
optimal results.

Transient elastography is painless, rapid (takes
<5 minutes), and easy to perform at the bedside
or in the outpatient clinic, and the results are
immediately available. Transient elastography has
been shown to be reliable in the assessment of liver
fibrosis in patients with chronic hepatitis C (44).

However, transient elastography also has
limitations. No real-time imaging is used, and
gray-scale images of the liver are unavailable—the
operator depends on percussion of the right lower
portion of the chest and A-mode images for the
selection of liver tissue, which has the potential
for errors in adequate region of interest (ROI)
selection. Measurement of liver stiffness can
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Figure 4. Diagram shows the five basic
steps of point shear-wave elastography:
(1) An ROI (blue rectangle) is placed at the
desired location. (2) A standard transducer is
used to apply a US push pulse (green curved
lines) that runs alongside the ROI. (3) The
resultant tissue compression causes propa-
gation of shear waves (yellow lines) perpen-
dicular to the push pulse. Some of these shear
waves traverse the ROI. (4) Multiple detection
pulses (red arrows) are sent through the ROI.
(5) These detection pulses can be used to cal-
culate the speed of the shear waves by ana-
lyzing the returned echoes (yellow arrows).
The speed of the shear waves correlates with
the tissue stiffness.

be difficult in obese patients and impossible in
patients who have ascites (45). Castéra et al (46)
studied more than 13 000 transient elastographic
examinations during a 5-year period; they found
that liver stiffness measurements could not be
interpreted in nearly one in five cases.

Point Shear-Wave Elastography.—\When tissue
is displaced posteriorly by focused ultrasound
beams from the probe, the restorative force of
the tissue propagates laterally, generating shear
waves. Focused US pulses are used to generate

a transverse wave (shear wave) at specific depths
within the liver, as selected by the operator.
Tracking US pulses are then used to measure
the velocity of these shear waves as they travel
through the liver parenchyma. The velocity of
propagation of the shear waves is proportional to
the square root of the tissue stiffness or elasticity,
thus enabling estimation of fibrosis (47). Figure
4 is a diagram that represents the basic steps of
point shear-wave elastography.

Point shear-wave elastography uses a curvi-
linear probe at a frequency that is automatically
selected by the machine. In cases in which there
is an inability to adequately penetrate the liver
tissue, manual selection may be used. The patient
is placed in a supine or left posterior oblique
position with the right arm elevated to enable
ease of approach. Right hepatic lobe measure-
ments obtained by way of the intercostal spaces
are preferred, to prevent inadvertent compression
of liver tissue by the operator’s probe. A total of
10-12 ROIs are selected sequentially, which are
placed within 2—7 cm of the liver capsule and
include only liver parenchyma. Measurements are
obtained in a breath hold during gentle normal
respiration. Mean, median, and average veloci-
ties are calculated automatically. Barr et al (48)

recommended using the median velocity for
interpretation (Fig 5).

Supersonic Shear-Wave Elastography.—Similar
to transient shear-wave elastography, shear-wave
velocity measurement forms the basis of super-
sonic shear-wave elastography. The main differ-
ence is that focused US beams are transmitted
continuously to tissue at different depths, resulting
in a conical shear-wave front. The ROI of super-
sonic shear-wave imaging is fan shaped and larger
than the ROI with other modalities (as large as 50
mm X 50 mm). Real-time imaging is then used

to measure the velocity of this shear-wave front. A
two-dimensional map is created when the speed of
the passing shear wave is calculated.

This technique has the ability to show visco-
elastic properties in all areas in an ROI with a
color lookup table. Thus, the limitations of tran-
sient elastography by which liver stiffness cannot
be measured accurately in patients with severe
obesity, thick subcutaneous fat, and ascites can be
overcome (49). However, shear-wave viscosity as-
sessment is not currently used for diagnostic pur-
poses in clinical practice. Moreover, this technique
can be used to display a gray-scale US image on
the background of the elastogram, so it is more
familiar to a physician who uses conventional US.

US Elastographic Interpretation

Fibrosis cutoff values for US elastographic tech-
niques are manufacturer dependent because of
the variability in velocity measurements, depend-
ing on the US equipment used. A recent consen-
sus statement by the Society of Radiologists in
Ultrasound (48) suggested dividing patients into
three categories: (@) patients with a low risk for
fibrosis who are unlikely to need further follow-
up (stages FO and F1), (b) patients with a high
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Figure 5. Sample determination of velocity measurement with the use of point shear-wave elastog-

raphy of a 64-year-old woman with advanced fibrosis secondary to hepatitis C. (a) Tabulation shows
velocity measurements. To determine the velocity measurement, step 1 (7) is to obtain 10-12 individual
velocity measurements (V1-V12). Step 2 (2) is that the median velocity (V Median) is used for fibrosis as-
sessment. (b) Point shear-wave elastographic image shows one of the individual velocity measurements:
velocity measurement 7 (V7) of 2.10 m/sec.

risk for advanced fibrosis or cirrhosis who require
prioritization for therapy (stage F4 and some
stage F3), and (¢) patients in between who have
moderate to severe fibrosis (stages F2 and F3)
and are at risk for progression of the fibrosis, de-
pending on the origin of the fibrosis. The consen-
sus panel recommended interpretation of results
by using two cutoff values: one to select patients
who are at low risk for clinically significant
fibrosis (FO and F1), and another cutoff value to
select patients at high risk for advanced fibrosis
or cirrhosis (F4 and some F3).The Society of
Radiologists in Ultrasound suggested that there
is substantial overlap of fibrosis stages between
these two cutoff values, requiring further workup
with blood tests and/or biopsy in such cases.
The cutoffs for hepatitis C patients proposed

by the Society of Radiologists in Ultrasound are
provided in Table 1 (50). An example of the use
of US elastography and conventional US in a
patient with cirrhosis is provided in Figure 6.

US Elastographic Confounders

US elastographic confounders can be technical
confounders, which are related to hardware and
operator factors, or biologic confounders, which
are related to physiologic and pathologic altera-
tions in tissues that result in spurious findings.
For example, higher velocities obtained from left
lobe measurements, compared with right lobe
measurements, are a technical confounder. This

artifactual increase in velocity is probably related
to the left lobe being more prone to compression
by the US probe, the stomach, or the heart (Fig
7). Intercostal measurements of the right lobe
are thus preferred. Another important technical
confounder is inclusion of nonparenchymal tissue
within the ROI. Inclusion of the liver capsule,
blood vessels, gallbladder wall (Fig 8), falciform
ligament, or bile ducts may result in spuriously
elevated velocity measurements. This spurious el-
evation occurs because the walls of nonparenchy-
mal structures are less elastic, giving the illusion
of stiff tissue and fibrosis. Depth of measurement
also plays an important role in velocity determi-
nation (Fig 9). As discussed previously, a depth
of 2-7 cm from the liver capsule is ideal. The
acoustic radiation force impulse (ARFI) push
pulse is attenuated as it traverses the patient and
reaches a point at which adequate shear waves
are not generated for accurate measurement; this
problem results in false low-velocity measure-
ments from deeper tissues (48). The degree of at-
tenuation depends on the amplitude of the ARFI
pulse (which is restricted by U.S. Food and Drug
Administration limits); low-amplitude pulses are
attenuated at more superficial depths. Deeper
shear-wave measurements would require pulses
above threshold to generate them.

Movement during respiration is an important
biologic confounder. Ideally, velocities should
be measured in a breath hold during gentle
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Figure 6. US elastography of a 62-year-old woman with hepatitis C and
cirrhosis. (a) Tabulation of 12 velocity measurements (V1-V12) shows
an increased median velocity (V Median) of 1.92 m/sec (>1.77 m/sec), a
finding that classifies the patient into the high-risk category according to
a recent consensus conference statement by the Society of Radiologists
in Ultrasound (48). This patient will require prioritization for therapy and
further follow-up. (b) US elastographic image shows a mixture of colors
that is due to the tissue stiffness variation within the ROL. In this and the
subsequent US elastographic images, the yellow box (yellow arrows) is the
field of view of the shear-wave sample area, and the dashed circle (white
arrows) is the location where the actual velocity measurements are ob-
tained and recorded (7 = ROI 1). (c) Conventional transverse US image of
the liver surface shows surface nodularity, a finding that indicates cirrhosis.

9

Table 1: Velocity Cutoffs for Hepatitis C Patients Proposed by the Society of Radiologists in Ultrasound
Velocity Cutoff
Proposed Transient

Pathologic METAVIR Risk-based Elastography Point SWE Point SWE 2D SWE  Point SWE
Findings Score Group (FibroScan) (Siemens) (Philips)  (Aixplorer) (GE)*
No fibrosis Fo Low risk <7 kPa <5.6 kPa <5.7 kPa <7 kPa <8.29 kPa
Fibrous por- F1 (£F2): (<1.5 m/sec) (<1.2 m/ (<1.37 (<1.5m/ (<1.66 m/

tal expan- unlikely sec) m/sec) sec) sec)

sion to need
Few bridges F2 follow-up

or septa
Numerous F3 High risk >15 kPa >15 kPa >15 kPa >15 kPa >9.40 kPa

bridges or (F3 or (>2.2 m/sec) (>2.2 m/ (>2.2m/ (>2.2m/ (>1.77 m/

septa F4): sec) sec) sec) sec)
Cirrhosis F4 clinically

significant
fibrosis

*Source.—Reference 50 (publication by the manufacturer; not in the peer-reviewed literature).
Note.—SWE = shear-wave elastography, 2D = two-dimensional. Manufacturer information includes Aixplorer
(SuperSonic Imagine, Aix-en-Provence, France); GE Healthcare (Little Chalfont, United Kingdom); Philips
Healthcare (Andover, Mass); and Siemens Healthineers (Malvern, Pa).
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Figure 7. Comparison of right lobe velocity measurement to left lobe velocity measurement obtained by using the
point shear-wave elastographic technique in a healthy 37-year-old female volunteer. The higher velocity measurement
from the left lobe is likely secondary to compression by the probe, heart, or stomach. (a) Point shear-wave elasto-
graphic image of right lobe sample area (circle) shows a velocity of 1.14 m/sec. (b) Point shear-wave elastographic
image of left lobe sample area (circle) shows a higher velocity of 1.85 m/sec. NPO = nil per os.

Figure 8. Spuriously el-
evated velocity measurement
in the same healthy 37-year-
old female volunteer as in Fig-
ure 7. Point shear-wave elas-
tographic image shows sam-
ple area (circle) with a velocity
measurement of 2.32 m/sec.
This high velocity measure-
ment is due to the inclusion
of gallbladder wall in the ROI.
The gallbladder wall is stiffer,
which results in a falsely el-
evated velocity measurement.

-

normal expiration. Deep inspiration can spuri-
GALLBLADDER'WALL

ously increase stiffness measurements (Fig 10).
Additional biologic factors include inflamma-
tion, hepatic congestion, fasting compared with
the postprandial state, diurnal variation, and al-
cohol. These factors have similar effects on MR
elastographic examinations and are discussed in

V1 2.32mis

US Elastographic Limitations

a subsequent section.

US Elastographic Performance

Most diagnostic technique performance tests

for liver fibrosis staging use the area under the
receiver operating curve (A ) as the measure for
assessment of the efficacy of the test in question.
A diagnostic tool is defined as being perfect if the
A_is 1.00, excellent if the 4_is more than 0.90,
and good if the 4 is more than 0.80 (51). Table 2
compares the diagnostic performance of the three
main liver US elastographic techniques for the
diagnosis of liver fibrosis and cirrhosis (52,53).

Shear-wave velocity stiffness values obtained
with different techniques and manufacturers
are not directly comparable, because shear-wave
speed depends on tissue stiffness as well as the
applied frequency of the shear wave; with all
other things being equal, shear-wave speed and
inferred stiffness are greater if the shear waves
are applied at higher frequency (54). In addi-
tion, the technique is operator dependent, and
simultaneous measurements in the same patient
may vary, depending on the operator’s expertise.
Liver fibrosis assessment with point shear-wave
elastography may be unreliable in patients with
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a. b.

Figure 9. Effect of depth on velocity measurements obtained with the point shear-wave elastographic technique in
a healthy 37-year-old female volunteer. Ideally, velocity measurements should be obtained in the superficial portion of
the liver (between 2 cm and 7 cm from the capsule). (a) Point shear-wave elastographic image shows that an appro-
priately placed ROI has a sample velocity of 1.21 m/sec. (b) Point shear-wave elastographic image shows that an ROI
placed at a depth of more than 7 cm from the capsule has a sample velocity of 1.01 m/sec. Measuring at this depth
results in artifactually low velocities because of inadequate penetration of the ultrasound wave at depth.

— ] RIGHT EX
V9 1.16 m/s

RIGHT INS

V6 1.71 mis.

a.

Figure 10. Effect of respiration on velocity measurements obtained with the point shear-wave elastographic technique
in a healthy 37-year-old female volunteer. Ideally, velocities should be measured during a breath hold in end expiration
to minimize liver motion. (a) Point shear-wave elastographic image shows that a velocity of 1.16 m/sec was measured for
a sample obtained during end expiration, which is the appropriate technique. (b) Point shear-wave elastographic image
shows that a velocity of 1.71 m/sec was measured for a sample obtained during deep inspiration; this higher velocity
measurement is due to the increased stiffness of the liver during inspiration because of compression by the diaphragm.

obesity or ascites (55). The recent development
of a new probe (the XL probe, a manufacturer-
specific probe for FibroScan) has circumvented
the problem in obese patients to a certain extent
(46). Additional technical and biologic con-
founders were discussed in the previous section,
“US Elastographic Confounders.”

Despite these limitations, US elastography re-
mains a robust technique for noninvasive measure-
ment of liver fibrosis. In addition, simultaneous
assessment of hepatic steatosis can be done by
using the principle of the controlled attenuation
parameter, which measures the degree of attenua-
tion of ultrasound waves by hepatic fat simultane-
ously with the liver stiffness measurement. Sasso
et al (56) reported that the controlled attenuation
parameter was highly correlated with steatosis and
had excellent diagnostic performance for grading
the severity of steatosis. US elastography can be an

all-in-one examination, offering additional ben-
efits of anatomic imaging and the ability to guide
biopsy. The operator is able to select ROIs, making
evaluation of heterogeneous liver tissue more reli-
able. The ability to simultaneously assess spleen
stiffness is useful to determine portal hyperten-
sion, which has prognostic value in patients with
chronic liver disease.

MR Elastography
MR elastography is currently regarded as the
most accurate noninvasive method for detection
and staging of liver fibrosis (57-59). Calculations
of liver stiffness with MR elastography are highly
reproducible and show excellent interobserver
agreement (60—62). The high accuracy is prob-
ably related to the large volume of parenchymal
sampling, with the potential to assess the stiff-
ness of nearly the entire liver parenchyma. The
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brosis and Cirrhosis

Table 2: Diagnostic Performance of US Elastographic Techniques in Diagnosing Liver Fi-

A, for Diagnosing A, for
Elastographic Technique Clinically Significant Fibrosis* Diagnosing Cirrhosis
One-dimensional transient elastography 0.77-0.90 0.90-0.97
Point shear-wave elastography 0.87-0.89 0.93-0.94
Supersonic shear-wave elastography 0.81-0.88 0.90-0.95

*Higher than stage 2.

Note.—A = area under the receiver operating curve.

Figure 11. Diagram of the hard-
ware setup for MR elastography. An
acoustic wave generator is placed
outside the MR imaging room.
A flexible plastic tube (~25 ft [7.5
m] long) transmits pressure waves
to a passive driver inside the MR
imaging room. The passive driver
(curved arrow) is placed on the
patient’s abdomen and secured
with an elastic strap. Standard torso
coils (not shown) are subsequently
placed over the passive driver.

technique also has high technical success, provid-
ing reliable examinations even in obese patients
and in those with hepatic steatosis (59,63,64).
After the required hardware has been set up, MR
elastography may be added to any routine MR
imaging protocol with only a few minutes of ad-
ditional imaging time.

MR Elastographic Technique
Mechanical shear waves used to determine liver
stiffness with MR elastography are created by a
wave generator located outside the MR imaging
room (Fig 11) (58). On the basis of the results
of early patient trials demonstrating both ac-
ceptable patient comfort and wave transmission,
60-Hz mechanical waves are most commonly
used. Mechanical waves are transmitted through
a flexible plastic tube to a passive driver. The
passive driver transmits acoustic pressure into
the abdominal wall and liver as shear waves. The
passive driver is placed directly over the liver on
the upper abdomen or lower chest and is held
securely in place with a soft elastic strap. The
driver is typically placed along the right midcla-
vicular line at the level of the xiphoid process,
but the position can be changed in cases of al-
tered anatomy or bowel interposed between the
liver and the anterior abdominal wall, to ensure
good transmission of the waves into the largest
portion of the liver.

The spatial location of shear waves traveling
through the liver is mapped by using a modified
phase-contrast pulse sequence that is synchro-

nized to the frequency of the mechanical waves
(Fig 12) (34).This sequence is referred to as the
“MR elastography sequence.” The most com-
monly used MR elastography sequence is a two-
dimensional gradient-echo sequence that uses
motion-encoding gradients (34,65,66). Four
phase offsets between the wave and the motion-
encoding gradients are used to obtain displace-
ment information. Tissue displacements on the
order of nanometers or micrometers are then
measured with the MR elastography sequence to
produce two sets of raw-data images that carry
the information about propagating shear waves:
the magnitude images and the phase images.

The magnitude images and the phase images are
analyzed with an automated “inversion algorithm,”
which produces several postprocessed images,
depending on the software version installed on
the imaging equipment (67,68). The mechanical
property measured with the inversion algorithm is
the “magnitude of the complex shear modulus.”
This measurement accounts for the properties of
both tissue elasticity and tissue viscosity. Images
produced with the inversion algorithm include
(a) the two-dimensional displacement map called
the “wave image,” and () a two-dimensional gray
or color-coded map of liver stiffness in units of
kilopascals that is called an “elastogram.”

In a typical MR elastographic examination,
four 10-mm axial sections are acquired through
the widest portion of the liver. Each section has
typically four to eight wave images. The multiple
wave images at each section location show the
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Wave Image

Displacement (jum)

Figure 12. Schematic overview of pro-
duction of MR elastographic images.

Confidence Algorithm

Shear waves coursing through the pa-
tient’s liver create displacement, which is

Shear Stiffness (kPa)

Confidence Map

propagation of the waves through the cross-
section of the abdomen when run on a cine loop
display. Currently, all major vendors offering
MR elastography display the elastogram by us-
ing the same standard 0—8-kPa color scale. With
some imaging equipment, an additional confi-
dence map may be available, which produces a
checkered overlay on the elastogram to indicate
the highest regions of statistical confidence (69).

detected and measured by the MR elas-
tography (MRE) sequence to generate
the magnitude and phase images. These
images are subsequently analyzed with an
inversion algorithm to produce an elasto-
gram that is color coded to represent stiff-
ness in kilopascals and a set of wave im-
ages to show propagation of shear waves
through the liver. A confidence algorithm
is used to place a checkerboard pattern
over all but the highest regions of statis-
tical confidence, to form the confidence
map.

Quality control of the images produced with
MR elastography requires several steps to ensure
a diagnostic-quality examination and to detect
potential confounding causes of altered liver
stiffness. Proper driver location over the liver
and the absence of interposed air are ensured by
identifying the abdominal wall impression cre-
ated by the driver and the normal focal artifact
produced directly beneath the driver on the
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Figure 13. Assessment of ad-
equate wave propagation at MR
elastography illustrated with im-
ages from four different patients.
(a, b) Normal wave propagation.
A magnitude image (a) depicts a
focal region of artifact (arrow on a)
directly beneath the passive driver,
which is a reliable indicator that
the generator is turned on and that
the driver is transmitting pressure
waves. The wave image (b) in this
case shows wide waves that are
due to the stiff parenchyma (ar-
rows on b). (¢, d) No wave propa-
gation: images obtained with the
driver tubing disconnected. A
magnitude image (c) shows the
absence of subcutaneous artifact
within the subcutaneous fat. The
wave image (d) in this case shows

g.

variable signal intensity in the liver (arrowheads on d) caused by noise, with a lack of propagating waves. (e, f) Poor wave propaga-
tion because of interposed colon. A magnitude image (e) shows a normal artifact (arrow on e) under the passive driver, but the wave
image (f) shows a lack of propagating waves in the liver. The cause was interposed colon, which can be recognized by identifying the
susceptibility artifact (arrowhead on e) from the luminal gas. (g, h) Successful wave propagation with the driver placed over the left
lobe. MR elastography with the driver over the right lobe had failed to produce waves because of interposed colon secondary to right
hepatic atrophy. The magnitude image (g) obtained after the driver was moved to a midline position shows a normal susceptibility
artifact (arrow on g) over the left hepatic lobe. The wave image (h) shows that this adjustment in the driver position resulted in good-
quality wave propagation (arrowheads on h) in the left hepatic lobe.
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f.

Figure 14. Artifacts that should be excluded from MR elastographic measurements of stiffness. (a) MR elastogram: For ROI placement,
typically about 1 cm, or one-half of a wavelength, is excluded around the edge of the liver, including fissures and fossa, to account for
partial volume effects (arrows), which may result in an artificially high stiffness calculation. (b) MR elastogram shows an artifactual “hot
spot” (arrow) that is often found directly under the passive driver. (c, d) Axial diffusion-weighted MR image (c) and MR elastogram (d)
show that large (>3-mm) vessels (arrows) do not reflect parenchymal stiffness. (e, f) A wave image (e) and MR elastogram (f) show that
regions of wave interference (arrow) can be constructive or destructive, resulting in variable effects on the liver stiffness.

magnitude images (Fig 13). The wave image is
reviewed to ensure adequate and uniform wave
propagation through the liver and to identify
regions of wave interference, which may create
artifactually high or low stiffness values. If either
of these steps identifies abnormal wave trans-
mission, it may be necessary to move the driver
to a more-optimal position and verify that all
tubing is properly connected.

Calculating liver stiffness from the elastogram
requires a systematic approach to drawing an
ROI. An ROI is typically drawn on each of four
axial images, and the mean stiffness is reported.
To properly draw an ROI, artifacts must be
excluded, including the edge artifact, fossae and
fissures, large (>3-mm) vessels, regions of wave
interference, and the artifactual “hot spot”; ex-
amples of these artifacts are provided in Figure
14 (57). Areas of low statistical confidence are
also typically excluded from the reported mea-
surement. The findings from early work with an

automated algorithm to generate stiffness calcu-
lations from the elastogram have shown promis-
ing results and may soon negate the need for
manual drawing of an ROI (70). Stiffness values
are often reported as a mean and range. It is
important to recognize that MR elastographic
stiffness values increase with the frequency of
applied mechanical waves; thus, stiffness values
obtained with MR elastography at 60 Hz cannot
be directly compared with values obtained with
MR elastography performed at other frequen-
cies. In addition, the methods and assumptions
used in stiffness calculations differ between MR
elastography and US-based methods, and so
the stiffness values from each modality are not
directly comparable (54).

MR Elastographic Interpretation

Proper interpretation of MR elastographic
stiffness requires further attentive review of the
acquired images and exclusion of confounding
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Table 3: Correlation between MR Elastographic Stiffness and the
Stage of Fibrosis

MR Elastographic Stiffness (kPa)

Stage of Fibrosis

Less than 2.5
2.5-2.9
2.9-3.5
3.5-4.0
4.0-5.0

More than 5.0

Normal

Normal or chronic inflammation
Stage 1-2

Stage 2-3

Stage 34

Stage 4

Table 4: Technical Factors Influencing Liver Stiffness at MR Elastography

Technical Factor Effect

Comments

Vibration frequency Yes
Driver position Unlikely

Inspiration or expiration Unlikely

and catheters

Anesthesia No

Tissue mechanical properties depend on wave frequency; the stiffness of a
tissue increases with increasing frequency

If the clinical situation demands, patients can be imaged in the decubitus
position, and driver can be placed on the right side

Measurements during the expiratory phase of gentle normal breathing
preferred, to accurately reproduce section placement

Probable diurnal variation; liver stiffness is more likely to be influenced by

Liver stiffness not dependent on the platform used
Wave propagation is a mechanical property not influenced by the strength

Gadopentetate dimeglumine and gadoxetate disodium both shown to have
no effect on liver stiffness measured with MR elastography

Devices do not alter liver stiffness unless they compress or stretch the liver
parenchyma, the bile ducts, or the portal vein; if a device results in sub-
stantial artifacts, it may result in a failed MR elastographic examination

MR elastography can be performed with suspended respiration while a
patient is anesthetized

Repeat on same day No
fasting or the postprandial state
Imaging equipment No
Field strength No
of the magnetic field
Intravenous contrast No
material
Metals, stents, coils, No

conditions that may alter liver stiffness. Elevated
measurements of liver stiffness are generally a
result of chronic liver disease resulting in fibro-
sis. The correlation between MR elastographic
stiffness values and the pathologic degree of
fibrosis has been extensively studied, and inves-
tigators have shown excellent correlation (71).
The relationship between MR elastographic
stiffness and the stage of fibrosis is provided
in Table 3. It should be recognized that the
strength of elastography lies in detecting liver
fibrosis and estimating the stage of liver fibrosis,
but elastography does not provide a pathologic
diagnosis of the cause of fibrosis. If the cause of
fibrosis is in question, correlation with conven-
tional images, laboratory findings, clinical fac-
tors, and, possibly, biopsy results will be needed.
Diseases other than liver fibrosis may be
detected as elevated liver stiffness. Common
technical factors and patient-related factors that
may influence liver stiffness are listed in Tables 4

and 5, respectively. It is necessary to review any
anatomic imaging to assess for conditions that
are known to influence liver stiffness, includ-
ing acute inflammation, biliary obstruction,
vascular thrombosis, passive hepatic conges-
tion, or neoplasia (Fig 15). The vast majority of
these conditions will be readily diagnosed with
conventional imaging or clinical evaluation. The
three-dimensional representation of liver stiff-
ness in each elastogram stack is a feature unique
to MR elastography. The spatial representation
of liver stiffness allows the capability of charac-
terizing patterns of stiffness that may be corre-
lated with specific entities (Fig 15).

Liver Elastography:
Future Directions
Liver elastography is an area of dynamic re-
search with many emerging indications. For
example, elastography is being explored as a
modality for longitudinal monitoring of liver
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Table 5: Patient-related Factors Influencing Liver Stiffness

Effect on Tissue Stiffness

Patient-related

Factor MR Elastography US Elastography

Comments

Fibrosis Yes Yes

Passive hepatic Yes Yes
congestion

Inflammation Yes Yes

Alcohol Likely Likely

Fasting state Yes and no Yes and no

Iron overload No No

Hepatic steatosis No No

Body mass index No No

Ethnicity or race No No

Age No No

Excellent correlation between liver stiffness
and degree of liver fibrosis

Passive congestion likely to result in increased
liver stiffness caused by several mechanisms,
such as stretching of the Glisson capsule

Acute inflammation can markedly increase
liver stiffness; chronic inflammation also
contributes to liver stiffness

Alcohol is a hepatotoxic agent; acute alcoholic
hepatitis can cause increased liver stiffness

In the setting of liver fibrosis, liver stiffness in-
creases in the postprandial state by as much
as 30%; minimal to no effect in normal
livers

Iron overload itself does not directly affect liver
stiffness; severe iron overload can decrease
signal intensity of the liver and result in a
failed MR elastographic study; US elastog-
raphy unaffected by iron overload

The presence of lipid itself does not alter liver
stiffness

Patient size does not alter liver stiffness; US
elastography is technically challenging in
obese patients

Results of studies from Asia have shown lower
mean stiffness for normal liver; no compara-
tive studies performed

No evidence of age resulting in altered liver
stiffness

fibrosis. The noninvasive nature of elastogra-
phy makes it suitable for repeated use during a
period of time. Elastography-based assessment
of liver fibrosis has prognostic value for 5-year
survival in patients with chronic hepatitis C
(72). It may also be helpful in predicting the
risk of hepatic complications and features of
decompensation (variceal hemorrhage, ascites,
hepatic encephalopathy, hepatorenal syndrome,
and spontaneous bacterial peritonitis) (73,74).
Investigation is ongoing with regard to the use
of elastography to distinguish an inflammation-
related increase in liver stiffness from that
related to fibrosis (75). If successful, this distinc-
tion could help identify hepatic inflammation in
the prefibrosis stage, resulting in earlier treat-
ment. As discussed earlier, spleen stiffness may
be a marker for portal hypertension. In addition,
spleen stiffness may be a predictor of esophageal
varices and bleeding risk (76,77). In patients
with hemochromatosis, an algorithm that uses
serum ferritin levels together with transient elas-
tography was shown to accurately determine the

presence of severe fibrosis in 61% of patients,
obviating the need for liver biopsy in this group
(78). Advanced MR elastographic techniques
have been developed to perform MR elastog-
raphy in patients with mild to moderate iron
overload (79). The use of elastography for the
characterization of liver tumors is being actively
explored (80,81). Overall, the current and novel
elastographic applications are emerging to have
practical clinical effects on patient management.

Conclusion
Accurate staging of the degree of fibrosis is es-
sential in the management and determination of
the prognosis of patients with chronic liver disease.
Although liver biopsy is considered to be the refer-
ence standard for assessment of fibrosis, biopsy has
several limitations, including its invasive nature,
inability to assess the degree of fibrosis throughout
the liver, sampling error, and incidence of com-
plications. US elastography and MR elastography
have emerged as the modalities of choice for quan-
tifying hepatic fibrosis, proving to be superior to
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Figure 15. Examples of stiffness
patterns at MR elastography that
can be correlated to findings at
anatomic imaging in three differ-
ent patients. (a, b) Constrictive
pericarditis in a 65-year-old man.
MR elastogram (a) shows periph-
eral increased stiffness (arrows on
a), which is often seen with pas-
sive hepatic congestion and is not
necessarily reflective of underlying
hepatic fibrosis. The corresponding
anatomic axial contrast-enhanced
CT image (b) shows findings of
congestive hepatopathy, including
altered perfusion of the peripheral
liver (arrowheads on b), a finding
that corresponds to the region of
increased stiffness. (c, d) Primary
sclerosing cholangitis in a 55-year-
old woman. MR elastogram (c)
shows focal increased stiffness (ar-
row on ¢), and the anatomic axial
T2-weighted MR image (d) shows
that this finding corresponds to
a dilated bile duct (arrowhead
on d). (e, f) Autoimmune hepa-
titis in a 64-year-old woman. MR
elastogram (e) shows diffusely ab-
normal liver stiffness, with focally
increased stiffness in the right he-
patic lobe (arrow on e); and the
corresponding axial T2-weighted
MR anatomic image shows that
the focal stiffness corresponds to a
region of confluent fibrosis (arrow-
heads on f).

conventional cross-sectional imaging, especially in
the precirrhotic stages. The limitations of elastogra-
phy are mainly technical challenges—US elastog-
raphy lacks diagnostic threshold standardization
across manufacturers and is operator and patient
dependent, and MR elastography would benefit
from simplification of the technique and reduction
of the cost. Manufacturers, national societies, and
researchers are working toward overcoming these
limitations. The ability of elastography to quantify
tissue fibrosis is also becoming incorporated into
treatment decision making for a variety of liver
disorders.
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