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KEY POINTS

� There has been growing interest in the development of noninvasive biomarkers for the diagnosis, quantification, and
monitoring of patients with hepatic steatosis and fibrosis.

� Chemical shift–encodedMRI is a confounder-corrected technique that allows quantification of hepatic fat and iron content
in the form of proton density fat fraction and R2*, respectively.

� Magnetic resonance elastography can be used to accurately diagnose and stage hepatic fibrosis.
INTRODUCTION
Affecting an estimated 60million to 100 million adults,
nonalcoholic fatty liver disease (NAFLD) is the most
common cause of chronic liver disease in the US [1].
NAFLD is an umbrella term encompassing a spectrum
of disorders ranging from isolated steatosis (nonalco-
holic fatty liver) to steatohepatitis (nonalcoholic steato-
hepatitis [NASH]) [2–4]. NAFLD is associated with
obesity, diabetes, and the metabolic syndrome and is
predicted to be a major health care burden and the
most common indication for liver transplantation in
the future [5]. In its advanced stages, NAFLD can
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progress to end-stage liver disease and cirrhosis. Esti-
mated to affect up to 1% of the population worldwide
and more than 600,000 adults in the United States
alone [6,7], cirrhosis develops in response to chronic
hepatic injury and is characterized histologically by
the formation of regenerative nodules and fibrosis [6].
A substantial cause of morbidity and mortality,
cirrhosis predisposes patients to the development of
complications, such as portal hypertension, ascites,
varices, hepatic encephalopathy, bacterial infections,
disordered clotting, and hepatocellular carcinoma [8].
Previously believed irreversible, hepatic fibrosis may
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regress with therapy and intervention in early stages
[9,10]. As a result, prompt recognition of both hepatic
steatosis and fibrosis is of paramount importance in
the prevention and treatment of chronic liver disease
and cirrhosis.

Historically, the accepted reference standard for the
diagnosis and staging of hepatic steatosis and fibrosis
was histologic assessment of tissue obtained from liver
biopsy. Liver biopsy is invasive, however, and can be
complicated by pain and bleeding, reported in up to
84% and 0.2% of procedures, respectively [11]. Fatal
hemorrhage has been described in a small but
nontrivial number of cases, with a risk of 1/10,000
[11]. In addition, liver biopsy is prone to sampling er-
ror, because a typical tissue specimen may represent
only 1/50,000 of total liver mass [12–14]. These draw-
backs highlight the unmet need for noninvasive means
of diagnosing, grading, and staging disease features,
such as steatosis and hepatic fibrosis. Panels of serum
markers and noninvasive algorithms can reliably
exclude cirrhosis and prevent unnecessary biopsies but
currently are unreliable for the diagnosis and staging
of early fibrosis [15,16].

Within the past decade, chemical shift–encoded
(CSE) MRI and magnetic resonance elastography
(MRE) have emerged as advanced imaging techniques
capable of accurately and reproducibly diagnosing
and quantifying hepatic steatosis and fibrosis [1,17–
22]. As these technologies are increasingly incorporated
into routine clinical practice, it will be important for
practicing radiologists to understand the utility of these
techniques, the interpretation and analysis of the im-
ages they generate, and the limitations of and common
pitfalls encountered with their use. The goal of this re-
view is to provide practicing radiologists with an over-
view of emerging quantitative MRI biomarkers of
diffuse liver disease.
EVALUATION OF HEPATIC FAT CONTENT
Defined as the abnormal intracellular accumulation of
triglycerides within hepatocytes, hepatic steatosis is
the defining and hallmark feature of NAFLD. The pres-
ence of steatosis can incite an inflammatory response
that, through mechanisms that remain unclear, results
in progression to NASH and its manifold complica-
tions, including the development of cirrhosis, liver fail-
ure, and hepatocellular carcinoma. Moreover, recent
evidence indicates that the pathologic manifestations
of hepatic steatosis extend well beyond the liver. One
recent analysis found that steatosis, as documented
on noncontrast CT, had a stronger association with
significant coronary artery disease than more tradition-
ally well-recognized risk factors, such as hypertension,
diabetes, and smoking [23]. Among patients with
NAFLD, cardiovascular disease actually accounts for a
higher proportion of mortality (25%) than does liver
disease (13%) [5]. Furthermore, steatosis occurs prior
to insulin resistance, providing indirect evidence that
steatosis may play a causative role in the development
of both type 2 diabetes mellitus and the metabolic syn-
drome rather than develop as the hepatic manifestation
of these conditions [24–26].

Conventionally, diagnosis of hepatic steatosis has
been established through histopathologic analysis,
with disease severity scored on a scale of 0 to 3 based
on the number hepatocytes containing intracellular fat
vacuoles (grade 0, less than 5%; grade 1%, 5%–33%;
grade 2%, 34%–66%; and grade 3, >67%) [27]. This
histopathologic evaluation is an inherently 2-D mea-
surement of a small section of 3-D hepatic parenchyma
and may not be truly representative of overall liver fat
content. Recent evidence has shown that this method
of diagnosis and staging is subject to wide interobserver
variability and poor reproducibility [28].

Given the inherent risks of serial liver biopsy and the
important limitations of histopathologic analysis, there
has been growing interest in the development of
noninvasive quantitative biomarkers for the diagnosis,
quantitative grading, and longitudinal monitoring of
patients with hepatic steatosis.
MRI EVALUATION OF HEPATIC FAT
CONTENT
Magnetic resonance spectroscopy (MRS) and conven-
tional MRI have been used to detect the presence of he-
patic fat for decades (Table 1). MRS relies on knowledge
of the resonant frequencies of fat and water protons,
which are depicted on a spectral tracing. The signal in-
tensities of the protons at these respective frequencies
are quantified, allowing for determination of the signal
fat fraction [22]. Although extremely sensitive to hepatic
fat content and widely accepted as an accurate means of
noninvasive fat quantification [29–32], MRS is a highly
specialized, time-intensive technique that is limited by
small sample volumes (problematic in heterogeneous
livers and for longitudinal assessment) and an inability
to be performed online at the time of image acquisition
[1,22,33].

Conventional imaging sequences, such as fat-
suppression techniques and in-phase and opposed-
phase imaging [34], also take advantage of the different
resonance frequencies of fat and water to resolve the



TABLE 1
Limitations of Conventional MRI Evaluation of
Hepatic Fat Content

Method Limitations

MRS � Highly specialized and time
intensive

� Small sample volumes
� Cannot be performed online at
time of image acquisition

Fat-suppression
sequences

� Incomplete or inhomogeneous
suppression of fat signal

� Unintentional suppression of
water signal

In-phase and
opposed-phase
sequences

� Measurement of signal fat
fraction confounded by several
factors
� T1 bias
� T2* decay
� Spectral complexity of fat
� Noise bias
� Eddy currents
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signal generated by the liver into its fat and water com-
ponents. With fat suppression, 2 sets of images are ac-
quired. In 1, fat signal is suppressed with the use of
fat-saturation pulses; image acquisition parameters
otherwise are identical. The signal intensities of the 2
sets of images are compared, with the difference in in-
tensity assumed attributable to fat.

Measurement of signal fat fraction is confounded,
however, by several factors, including T1 bias, T2*
decay, spectral complexity of fat, noise bias, and eddy
currents, and may be poorly reflective of the true hepat-
ic fat content. A comprehensive overview of these tech-
niques and confounders is beyond the scope of this
review but can be found elsewhere in the literature
[21,22].
FIG. 1 Generation of parametric maps. Data points are
fitted to a signal model, allowing estimation of R2* and
QUANTITATIVE CHEMICAL
SHIFT–ENCODED MRI
As discussed previously, magnetic resonance techniques
that measure signal fat fraction are subject to an array of
biological and technological confounding factors, pre-
cluding accurate, repeatable, and reproducible measure-
ment of hepatic fat content. If these confounding factors
are avoided or accounted for, the signal fat fraction be-
comes equivalent to the proton density fat fraction
(PDFF), defined as the density of mobile protons in tri-
glycerides relative to the total mobile proton density
[22,33].

CSE-MRI is a confounder-corrected technique that
utilizes image acquisition at 2 or more echo times to
divide the magnetic resonance signal into fat and water
components. The 2 confounder-corrected advanced
MRI techniques used to quantify PDFF can be character-
ized as either magnitude-based or complex-based. The
magnitude-based technique foregoes phase informa-
tion and consists of magnitude images obtained at mul-
tiple echo times (3 or more, typically 6) where water
and fat signal are in phase and out of phase [35–43],
allowing for estimation of fat fraction ranging from
0% to 50%. This limitation may prevent evaluation of
fat fraction in predominantly fatty tissues, such as
adipose or marrow, although the clinical relevance is
doubtful—hepatic PDFF values exceeding 50% do
occur but are rare.

The complex-based method [44–49] relies on both
phase and magnitude data and allows for comprehen-
sive evaluation of fat fraction with a dynamic range of
0% to 100%. Phase and magnitude information is
derived from 3 or more images (typically 6) acquired
at optimized echo times that allow the separation of
fat and water signals.

An added benefit of CSE-MRI techniques is that the
same data set used to produce a PDFF-based estimate of
hepatic fat content can simultaneously generate an esti-
mate of confounder-corrected liver iron content in the
acquired from a multiecho CSE-MRI acquisition and
PDFF on a pixel-by-pixel basis. TE, echo time.
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form of R2* (1/T2*) [50,51] (Fig. 1). R2* is the rate of
signal decay in the liver. Conditions that result in excess
iron accumulation, such as hereditary hemochromato-
sis and hematologic disorders necessitating serial blood
transfusions, can cause liver injury that progresses to
fibrosis and cirrhosis. Furthermore, numerous chronic
liver disease, including NAFLD, can precipitate iron
overload, the development of which can contribute to
disease progression [52].
PROTON DENSITY FAT FRACTION AND R2*
MAPS
Most commonly, CSE-MRI data are obtained using a
20-second breath-hold with a 3-D acquisition of the
whole liver. From this acquisition, a parametric map
can automatically be reconstructed by the scanner com-
puter, typically in a few seconds. This provides a visual
representation of hepatic PDFF, expressed as a percent-
age; this fundamental tissue property serves as a surro-
gate for the underlying triglyceride concentration
throughout the liver.

Correspondingly, the same acquisition can be used
to generate an R2* map, which provides a fat-
corrected estimate of hepatic iron content in the form
of R2* [53] (Fig. 2). R2* is directly proportional to liver
iron content (milligrams of iron/grams of dry liver) and
is measured in units of 1/s [52]. Regions of interest
(ROIs) can be placed throughout the hepatic
FIG. 2 Top row: Patient 1. PDFF map (left) shows seve
iron content. Bottom row: Patient 2. PDFF map (left) sho
overload. Yellow circles are region of interest drawn and
expressed as percentage and R2* is expressed as s-1.
parenchyma on the PDFF and R2* maps to produce
quantitative estimates of liver fat and iron content,
respectively.

Within the literature, significant variability exists
with respect to the technique by which to measure
PDFF and R2* from ROIs. Differences arise in the size
of the ROIs used (ranging from approximately 1 cm
to 3 cm), the number of ROIs drawn (2 to 9), and the
location in which the ROIs are placed (lobe vs individ-
ual Couinaud segments), among other factors [54–60].
Nonuniformity in measurement techniques may affect
comparison of quantitative values across centers
adversely. A recent analysis by Campo and colleagues
[61] examined the reproducibility and repeatability of
PDFF and R2* measurements using ROIs of different
sizes (1 cm2, 4 cm2, and largest possible) placed in
different locations throughout the liver (from 1 in
each lobe to 1 in each of the 9 Couinaud segments),
concluding that inter-reviewer and intra-reviewer agree-
ment was maximized by sampling the greatest possible
liver volume via a large number of large ROIs, albeit at
the expense of increased analysis time. Thus, the most
efficient approach may be to place either 1 large
(4 cm2 or greater) ROI in either each of the 9 Couinaud
segments or in the medial, lateral, anterior, and poste-
rior hepatic segments [61].

Potential pitfalls with ROI placement include water-
fat swapping, particularly near the hepatic dome, which
is caused by magnetic field inhomogeneities. Such
re steatosis and R2* map (right) shows normal liver
ws normal fat content R2* map (right) shows iron
numbers are the measurements obtained. PDFF is
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swaps corrupt both PDFF and R2* measurements. Mo-
tion or ghosting may render measurements invalid, and
areas of obvious artifact also should be avoided; simi-
larly, blood vessels can create flow-related artifacts
that are not readily apparent, and placement of ROIs
within the hepatic vasculature is not recommended.
In cases of severe iron overload, the PDFF value may
not be valid [53]; the calculated R2* is valid but less pre-
cise and less accurate, making comparison across serial
examinations difficult.
APPLICATIONS
As discussed previously, the histopathologic diagnosis
of hepatic steatosis can be made when the number of
hepatocytes containing intracellular fat vacuoles ex-
ceeds 5% (Box 1) [27]. The widely cited PDFF threshold
separating normal from abnormal of 5.56% is based on
a seminal investigation by Szczepaniak and colleagues
[62], who defined this cutoff as the 95th percentile as
measured in 345 patients with no risk factors for steato-
sis as part of the Dallas Heart Study. This cutoff value,
however, has little basis in determining the presence
or absence of disease. Recent evidence suggests that a
PDFF threshold of as low as 2% to 3% may be predic-
tive of hepatic steatosis and the metabolic syndrome
[56,63]. As such, noninvasive quantitative biomarkers
must be able to provide precise, accurate, repeatable,
and reproducible estimates of hepatic fat content, espe-
cially at low concentrations, to allow for accurate diag-
nosis and assessment of small changes in fat content in
response to treatment.

Like histopathologic analysis, MRS can be subject to
sampling error; the signal typically is acquired within a
small voxel measuring approximately 2 cm3 � 2 cm3

� 2 cm3, and steatosis can be heterogeneously distrib-
uted throughout the liver [64]. MRS, too, requires
time-intensive postprocessing and a high degree of
expertise.
BOX 1
Applications of Chemical Shift–Encoded MRI

� Diagnosis and quantification of hepatic steatosis and
iron overload

� Longitudinal monitoring of hepatic fat and iron
content

� Serial follow-up over time

� Response to medical or surgical therapy

� Rapid, cost-effective imaging protocols can be used
to quickly determine hepatic fat and iron content
A recent meta-analysis encompassing 28 studies and
approximately 2000 subjects demonstrated excellent
correlation between PDFF measurements of hepatic
fat fraction and MRS [33]. Validated in both phantoms
and animals [40,65,66], confounder-corrected CSE-MRI
techniques can be used to calculate precise, accurate,
and reproducible estimates of PDFF regardless of field
strength, vendor, or platform, and can be used in both
children and adults [41,56,67,68]. Imaging of the entire
liver eliminates challenges associated with heterogene-
ity of fat deposition [64], and with a dynamic range
of 0% to 100%, CSE-MRI can be used to accurately
quantify clinically relevant steatosis [1] (Fig. 3).

Given its excellent repeatability and reproducibility,
PDFF measured by CSE-MRI can be used to monitor
changes in hepatic fat content across serial examina-
tions in patients who achieve substantial weight loss
or those who undergo pharmacologic or surgical ther-
apy [1,22] (Fig. 4).

Based on the rapidity with which CSE-MRI se-
quences can be acquired, it may be possible to devise
limited imaging protocols that allow for determination
of hepatic fat content at a cost similar to that of a panel
of laboratory tests [64] (Box 2). Recent guidelines have
indicated the appropriate billing of fat quantification
methods as a limited MRI examination. Based on a
recent search on CMS.gov, the global fee for a limited
examination is approximately $290.

Because PDFF and R2* maps can be generated
concurrently from a CSE-MRI acquisition, many of
the concepts, enumerated previously, also apply to he-
patic iron quantification. The use of confounder-
corrected R2* allows accurate noninvasive diagnosis,
staging, and longitudinal monitoring of hepatic iron
overload [52].
LIMITATIONS
At present, CSE-MRI techniques are based on multie-
cho, spoiled gradient-echo sequences, which can be
adversely impacted by motion artifact; the ghosting of
subcutaneous fat into the liver, for example, can corrupt
PDFF measurements of hepatic fat content (Box 3).
Relatively long breath-holds are needed to minimize
artifact, which may be problematic in children and pa-
tients with poor pulmonary function. Respiratory-gated
and navigator-based sequences have been developed
that allow for free breathing at the expense of greater ta-
ble time with some residual artifact [58]. One recent
study suggests that motion artifact may be all but elim-
inated with the use of a sequentially acquired 2-D CSE-
MRI technique [69].

http://CMS.gov


FIG. 3 PDFF maps in four different patients illustrating a wide range of hepatic fat content that can be
depicted by PDFF maps (in this case, fat content ranging from 3% 46%). Yellow circles are region of interest
drawn and numbers are the measurements obtained.
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A recent large meta-analysis [33] demonstrated that
CSE-MRI is accurate over a wide range of PDFF values
but that its variability falls in the range of 3% to 4%.
Some of this variability may be attributable to the low
signal-to-noise ratio of current techniques. With recent
evidence suggesting that PDFF values of as low as 3%
may indicate clinically relevant steatosis [56], this de-
gree of variability has a negative impact on the ability
of current CSE-MRI techniques to recognize disease in
patients with low hepatic fat content. Repeatability of
CSE-MRI can be improved by increasing signal-to-
noise ratio at the cost of minor reductions in spatial
FIG. 4 Longitudinal monitoring of hepatic steatosis usi
map and the right panel is PDFF obtained after 3 month
after initiation of pharmacologic therapy.
resolution without sacrificing measurement accuracy
[70]. Future advancements will focus on the refinement
of novel CSE-MRI approaches that enable accurate, pre-
cise quantification of fat in patients with early-stage
disease.
EVALUATION OF HEPATIC FIBROSIS
Hepatic fibrosis is the endpoint of all chronic liver dis-
eases, leading to destruction of parenchyma and inflam-
mation. Hepatic fibrosis also is the single most
important factor that determines outcome in chronic
ng PDFF maps. The left panel is the baseline PDFF
s showing significant reduction in hepatic content



BOX 2
Advantages of Chemical Shift–Encoded MRI

� Noninvasive

� Simultaneous calculation of PDFF and R2*

� Well validated, accurate, reproducible, and repeatable
measurements of hepatic fat and iron content across
field strengths and vendors

� Can be performed online at the time of image
acquisition

� Allows imaging of the entire liver

� Not subject to sampling error

TABLE 2
Magnetic Resonance Elastography Thresholds
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liver diseases, including NAFLD [71]. Detection and
staging of hepatic fibrosis, therefore, are of paramount
importance. The reference standard for detection and
staging of hepatic fibrosis is liver biopsy. Liver biopsy,
however, is invasive and is associated with complica-
tions and limitations, as highlighted in the section on
hepatic fat quantification, discussed previously. Nonin-
vasive diagnosis and staging of hepatic fibrosis, there-
fore, is the preferred method. Currently, elastography
methods are the imaging tests of choice for evaluation
of hepatic fibrosis.

Elastography can be performed with either ultra-
sound or MRI, with MRE the most accurate noninvasive
imaging-based method for detection and staging of he-
patic fibrosis. Mean liver stiffness values as determined
by MRE increase in stepwise fashion with increasing he-
patic fibrosis [72,73]. There is a small incremental in-
crease in MRE-measured liver stiffness in early stages
of fibrosis and an exponential increase in stiffness
with advanced fibrosis and beyond. This reflects the
amount of collagen deposition (ie, fibrosis) in the liver
at the histologic level. The stiffness of a normal liver is
comparable to that of subcutaneous fat, generally
BOX 3
Limitations of Chemical Shift–Encoded MRI

� Based onmultiecho spoiled gradient-echo sequences

� Susceptible to motion artifact

� Requires relatively long breath holds

� Potentially problematic in children and ill patients

� PDFF variability may be in the range of 3% to 4%

� May have adverse impact on diagnosis of stea-
tosis in patients with early disease
measuring less than 2.5 kPa [74–76], whereas studies
have shown that cirrhotic livers range in stiffness from
4.21 kPa to 8.02 kPa [73,77–80] (Table 2).
MAGNETIC RESONANCE EVALUATION OF
FIBROSIS: MAGNETIC RESONANCE
ELASTOGRAPHY
MRE can be performed on any standard clinical mag-
netic resonance scanner with the addition of special-
ized hardware and processing software. MRE consists
of 3 fundamental steps: the introduction of mechan-
ical shear waves into body tissue; the imaging
of those waves with a dedicated MRI sequence;
and the processing of phase shift information to
derive shear-wave displacement images (wave im-
ages) to generate tissue stiffness maps (elastograms)
[19,81,82].

MRE uses mechanical shear waves to quantitatively
measure the stiffness of tissue [83], and this can be
achieved on most clinical systems with an acoustic
driver (active driver), situated outside the magnet
room, to generate low-frequency waves (standard
60 Hz for hepatic applications). The acoustic waves
are transmitted via plastic tubing to a passive pneumatic
driver, which is secured with a nonmetallic strap to a pa-
tient’s right anterior chest wall and upper abdomen,
over the liver [19,82]. The passive driver generates shear
waves in tissues whose amplitudes are highest near the
body surface. Because shear waves propagate through
the liver, imaging of the shear waves can be performed
using any of a variety of motion-sensitive pulse se-
quences, including steady-state free precession, echo-
planar imaging (EPI), gradient-recalled-echo (GRE),
for Hepatic Fibrosis

Stage of Fibrosis Hepatic Stiffness (kPa)

Normal <2.5

Normal or inflammation 2.5–3.0

Stage 1–2 3.0–3.5

Stage 2–3 3.5–4.0

Stage 3–4 4.0–5.0

Stage 4 or cirrhosis >5.0

Adapted from Venkatesh SK, Ehman RL. Magnetic resonance elas-
tography of liver. Magn Reson Imaging Clin N Am 2014;22(3):440;
with permission.
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and spin-echo [19,81,84,85] in conjunction with cyclic
motion-encoding gradients (MEGs). The standard se-
quences used are GRE-based or EPI-based MRE se-
quences; at present, 2-D GRE MRE spin-echo EPI MRE
methods are used for most clinical applications. MEGs
can be applied in the direction of interest and synchro-
nized with the shear wave frequency with a trigger
pulse. The shear waves cause cyclic motion of spins
that results in phase shifts, which can be measured
and depicted on the phase image; this technique is
exquisitely sensitive to motion, allowing imaging of dis-
placements in the range of hundreds of nanometers
[82]. Alterations can be made in the time offset between
the MEGs and the applied waves (phase offset) to allow
imaging of the different phases of the wave cycle. Phase
images typically are obtained at 4 different time points
to capture snapshots of propagation throughout the
motion cycle. A typical MRE sequence performed for
most hepatic applications can be obtained in 1 minute
or less, split into 4 breath holds of approximately 15 sec-
onds, with imaging performed at end-expiration.
ELASTOGRAMS
Postprocessed images from an MRE sequence are pre-
sented as a tissue stiffness map, or elastogram, that per-
mits quantitative measure of tissue stiffness in
kilopascals. An elastogram often consists of a magni-
tude image, a phase-contrast image, color and gray-
scale stiffness maps, a confidence map, and color
wave images that can be viewed as a cine (Fig. 5,
Table 3). The cine images display the propagation of
shear waves and can be used to recognize regions of
FIG. 5 Illustrative diagram showing a single-slice liv
wave interference. These areas should be avoided
when ROIs are drawn on the corresponding gray-
scale and color stiffness maps [18,20]. ROIs should
be placed in the parenchyma, ideally within the right
hepatic lobe, with care taken to avoid the edges of
the liver and large blood vessels. Data obtained from
the left hepatic lobe may be unreliable due to pulsa-
tion artifact from adjacent cardiac motion [18]. In
cases, however, of excellent propagation of shear waves
through the liver, an enlarged left lobe from previous
right lobe resection, or anatomic variations in the liver,
ROIs may be drawn to include the left lobe to obtain
mean liver stiffness. The ROIs should be as large as
possible and can be drawn manually or with an auto-
mated method where available [86].
APPLICATIONS
With added hardware and postprocessing software,
MRE is relatively easy to perform and can be done on
any magnet used for routine clinical applications
(Box 4). MRE facilitates diagnosis of hepatic fibrosis
prior to the development of morphologic changes of
cirrhosis and can be used to monitor response to antifi-
brotic therapy (Fig. 6); unlike serial biopsy, it is nonin-
vasive without risk of significant or life-threatening
complications. Compared with ultrasound-based elas-
tography, MRE samples a large fraction of the liver,
which is helpful in longitudinal monitoring [81]. Early
studies showed that MRE is unaffected by the presence
of steatosis and can be performed in both morbidly
obese patients and those with ascites [19]. Furthermore,
it has been applied successfully to a wide range of
er MRE acquisition and postprocessed images.



TABLE 3
Postprocessed Images from Magnetic
Resonance Elastography Acquisition

Image Type Clinical Utility

Magnitude Provides anatomic information

Phase Observe pattern of wave
propagation through liver

Gray-scale/color
maps

Overview of stiffness distribution;
measurement of liver stiffness

Color wave
images

Observe for areas of wave
interference/artifact

Confidence map Displays crosshatched areas
where measurement is less
valid
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diverse patient populations, including children [87],
transplant recipients [88], and patients with unconven-
tional anatomy [19]. Numerous studies have demon-
strated that elastography data are reliable across
different vendors and magnetic field strengths [89,90].
Data from hepatic MRE also have been shown to be
both repeatable and reproducible with excellent inter-
observer agreement [75,76,91,92] (Box 5).

Potential applications for liver MRE continue to
emerge, and, in the future, MRE may be used for
BOX 4
Current and Future Applications of Magnetic
Resonance Elastography

� Diagnosis and staging of hepatic fibrosis

� Longitudinal monitoring of chronic disease

� Changes in hepatic stiffness over time

� Response to therapy

� Differentiation of steatosis from steatohepatitis with/
without fibrosis

� Characterization of hepatic masses

� Specific patterns/distributions of increased stiffness
may indicate etiology

� For example, peripheral fibrosis in primary scle-
rosing cholangitis and passive venous congestion

� Simultaneous stiffness measurements in multiple
abdominal organs

� For example, splenic stiffness as a predictor of
portal hypertension and development of esopha-
geal varices
differentiation of hepatic masses, distinction of iso-
lated hepatic steatosis from inflammatory steatohepa-
titis (Fig. 7), and differentiation of inflammation and
edema from other pathologic processes. A small study
performed at the Mayo Clinic examined 44 hepatic
tumors with MRE and found that all malignant
masses had a stiffness of at least 5 kPa [93]. MRE is
unaffected by the presence of isolated hepatic steato-
sis but shows increased hepatic stiffness in patients
with NASH [94]. In addition, several studies have
examined characteristic patterns of increased hepatic
stiffness in patients with congestive hepatopathy sec-
ondary to heart disease [95] and in patients with pri-
mary sclerosing cholangitis [96]. Concomitant
measurement of hepatic and splenic stiffness has
been performed, with elevated splenic stiffness found
to correlate with the presence of portal hypertension
and development of esophageal varices [97]. Finally,
given its lack of ionizing radiation and safety relative
to serial biopsy, MRE probably is the best technique
available for serial follow-up of patients with chronic
liver disease (Fig. 8).
ADVANCES IN LIVER MAGNETIC
RESONANCE ELASTOGRAPHY
The current clinical standard 2-D-GRE MRE and spin-
echo MRE sequences provide liver stiffness measure-
ments based on the assumption that shear
waves are propagating in the plane of acquisition
(ie, axial) (Box 6). Shear waves travel in different di-
rections, however, and 2-D MRE sequences may
overestimate liver stiffness [98]. 3-D MRE can pro-
vide better evaluation by enabling motion encoding
in all 3 dimensions. Liver stiffness evaluated with 3-
D MRE usually is less than that assessed with 2-D
technique, because it corrects for obliquity of wave
propagation that can lead to overestimation. 3-D
MRE is spin-echo based with shorter echo time
and, therefore, has better performance in iron
deposition [99].

Mechanical properties of tissues are dependent on
tissue components and their relative composition.
Inflammation and increased venous pressure and
increased biliary pressure can affect hepatic stiffness.
Multifrequency MRE may be useful in differentiation
of various pathologic processes that characterize
chronic liver diseases. Multifrequency MRE also im-
proves differentiation of steatohepatitis from simple
steatosis. More applications of multifrequency MRE
are likely to emerge in the future.



FIG. 6 Liver MRE in the follow-up of chronic liver disease. (A) Contrast-enhanced image and (B) MRE
stiffness map before antiviral therapy showing mean stiffness of 4.0 kPa. Three years after therapy, (C)
contrast-enhanced image shows no significant change; (D) MRE, however, shows improvement in mean
stiffness to 2.8 kPa.

BOX 5
Advantages of Magnetic Resonance
Elastography

� Can be performed on any clinical scanner with added
hardware and postprocessing software

� Noninvasive

� Unaffected by field strength, vendor, and most patient
factors (eg, obesity)

� Allows for diagnosis of fibrosis prior to morphologic
changes of cirrhosis

� Can be applied to a wide range of patient populations
(eg, children, transplant recipients, altered anatomy)

� Well validated, repeatable, and reproducible with
excellent interobserver agreement

� Concomitant stiffness measurements of multiple
abdominal organs
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LIMITATIONS
Standard liver MRE performed with a GRE sequence is
susceptible to failure in patients with hepatic iron
overload (Box 7) [81]. The reason for failure is due
to poor liver signal, which can be improved with a
reduced echo time using a spin-echo sequence
[100,101]. In cases of severe iron deposition in the
liver, however, this method also can fail. Liver stiff-
ness also is affected or modified by the presence of
venous congestion, inflammation, biliary obstruction,
and diffuse infiltrative diseases other than fibrosis,
such as amyloidosis. Clinical features and supportive
laboratory data are useful in identifying these possible
confounders, and MRE should not be performed for
fibrosis evaluation when they coexist or are suspected.
MRE also may be suboptimal in patients with incon-
sistent breath holds [81] and is not yet widely avail-
able outside of large academic centers. Free-
breathing MRE techniques are being explored and
show promise for use in patients who are unable to
maintain a breath hold [102].



FIG. 7 PDFF maps (A–C) and corresponding MRE stiffness maps (D–E) in patients with biopsy-proved
normal liver parenchyma (first column, A,D), NASH (second column, B, E), and cirrhosis due to NASH (third
column, C, F). Note similar PDFF in all 3 subjects but different hepatic stiffness values.

FIG. 8 Liver MRE in the follow-up of chronic liver disease. (A) Baseline, (B) 2-year, and (C) 4-year follow-up
MRE stiffness maps obtained in a patient with chronic hepatitis C. Note increase in stiffness of the liver,
consistent with progression of disease.

BOX 6
Advances in Magnetic Resonance Elastography

� 3-D MRE

� Larger volume of liver evaluated (entire liver is
possible)

� Corrects for obliquity of wave propagation and
may provide more accurate measurements

� 3-D MRE is spin-echo based with shorter echo time,
improving performance in patients with hepatic iron
deposition

� Multifrequency MRE

� Improved differentiation of steatosis from
steatohepatitis

� May allow differentiation of various pathologic
processes (eg, inflammation and increased
venous or biliary pressure)

BOX 7
Limitations of Magnetic Resonance Elastography

� Standard liver MRE is performed with a GRE
sequence

� Susceptible to failure in patients with hepatic iron
overload

� Liver stiffness can be affected by venous congestion,
inflammation, and infiltrative diseases, such as
amyloidosis

� Clinical history and laboratory data may be helpful
in identifying confounders

� MRE may be suboptimal in patients with inconsistent
breath holds

� Free-breathing techniques are in development
and have shown promise
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SUMMARY
Over the past decade, CSE-MRI and MRE have emerged
as accurate, reproducible, and repeatable means of
quantitatively assessing hepatic steatosis and fibrosis.
Application of these noninvasive imaging techniques
may obviate liver biopsy and its associated complica-
tions in some clinical scenarios. As these techniques
are refined, they may allow for earlier and evenmore ac-
curate diagnosis of hepatic pathology, which could
facilitate treatment of chronic liver disease and improve
long-term patient outcomes.
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