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Liver Fibrosis: Review of Current Imaging
and MRI Quantification Techniques
L
eonie Petitclerc, MSc,1,2 Giada Sebastiani, MD,3 Guillaume Gilbert, PhD,1,4
Guy Cloutier, PhD Eng,1,2,5,6 and An Tang, MD, MSc1,2,5*
Liver fibrosis is characterized by the accumulation of extracellular matrix proteins such as collagen in the liver interstitial
space. All causes of chronic liver disease may lead to fibrosis and cirrhosis. The severity of liver fibrosis influences the
decision to treat or the need to monitor hepatic or extrahepatic complications. The traditional reference standard for
diagnosis of liver fibrosis is liver biopsy. However, this technique is invasive, associated with a risk of sampling error,
and has low patient acceptance. Imaging techniques offer the potential for noninvasive diagnosis, staging, and monitoring of liver fibrosis. Recently, several of these have been implemented on ultrasound (US), computed tomography, or
magnetic resonance imaging (MRI). Techniques that assess changes in liver morphology, texture, or perfusion that
accompany liver fibrosis have been implemented on all three imaging modalities. Elastography, which measures
changes in mechanical properties associated with liver fibrosis—such as strain, stiffness, or viscoelasticity—is available
on US and MRI. Some techniques assessing liver shear stiffness have been adopted clinically, whereas others assessing
strain or viscoelasticity remain investigational. Further, some techniques are only available on MRI—such as spin-lattice
relaxation time in the rotating frame (T1q), diffusion of water molecules, and hepatocellular function based on the
uptake of a liver-specific contrast agent—remain investigational in the setting of liver fibrosis staging. In this review, we
summarize the key concepts, advantages and limitations, and diagnostic performance of each technique. The use of
multiparametric MRI techniques offers the potential for comprehensive assessment of chronic liver disease severity.
Level of Evidence: 5
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L

iver fibrosis is characterized by the accumulation of
extracellular matrix proteins as a result of repeated injury
to the tissue due to chronic liver disease.1 All causes of
chronic liver disease—including viral hepatitis, metabolic,
and cholestatic disease—may lead to fibrosis.2
Liver biopsy is the current reference standard for the
diagnosis and staging of fibrosis. However, it is associated
with the limitation of sampling error, as it only examines a
small liver sample, has low patient acceptance, and low
intra- and interobserver repeatability.3,4 In recent years,
efforts have been made to migrate toward noninvasive techniques for assessing liver fibrosis.
Several imaging techniques have been developed for
the diagnosis and staging of liver fibrosis. Historically, clinicians and radiologists have relied on the assessment of

morphological changes associated with liver fibrosis. Other
techniques rely on changes in physical properties that can
be assessed quantitatively with imaging methods. These
include texture, mechanical properties, T1q lengthening, diffusion, perfusion, and hepatocellular function. Elastographic
techniques implemented on commercial ultrasound (US)
and magnetic resonance imaging (MRI) systems have gained
the widest clinical acceptance in the context of liver fibrosis
imaging. The others are mainly restricted to an investigational setting.
The most widely validated and used liver fibrosis staging techniques are US-based elastography techniques. These
techniques have improved the management of liver diseases
by providing an alternative to liver biopsy. Moreover, many
MRI techniques for imaging of liver fibrosis are being
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FIGURE 1: Biopsy samples staged 0 to 4 according to the Brunt scoring system based on the use of Masson trichrome stain
(53–103 magnification). 0: no fibrosis; 1: mild zone 3 perisinusoidal fibrosis; 2: zone 3 perisinusoidal fibrosis, portal and
periportal fibrosis; 3: bridging fibrosis; and 4: cirrhosis12. Figure courtesy of Dr. Bich Nguyen, University of Montreal.

developed. These MRI-based techniques have potential
advantages over US elastography that will be discussed and
may play an important role in the future.
This article will first describe the clinical features of
liver fibrosis. Imaging-based techniques developed for the
staging of liver fibrosis will then be discussed, with an
emphasis on MR-based techniques.

Liver Fibrosis: Overview
Pathophysiology
Liver fibrosis occurs when there is an excessive accumulation
of extracellular matrix proteins, resulting from the imbalance
between deposition and removal of proteins such as collagen, laminin, elastin, and fibronectin. It is a ubiquitous
wound-healing response to an acute or chronic injury.5
Hepatic stellate cells, which are quiescent in the absence of
inflammatory stimuli, undergo activation in response to liver injury, which may lead to fibrotic scarring and eventually
to liver cirrhosis.6 Other cell types have been associated with
the development of fibrosis, such as myofibroblasts.
Epidemiology
Chronic liver diseases are a major cause of morbidity and
mortality worldwide, affecting 360 per 100,000 persons and
ranking as the 12th leading cause of overall mortality.2
Pathologies leading to liver fibrosis are chronic viral hepatitis
(hepatitis B, C, and delta), metabolic liver diseases (nonalcoholic fatty liver disease [NAFLD], alcoholic liver disease,
primary and secondary hemochromatosis, Wilson’s disease,
and a1-antitrypsin deficiency), and cholestatic or autoimmune liver disease (primary biliary cholangitis, primary sclerosing cholangitis, autoimmune hepatitis). NAFLD is the
most frequent liver disease in Western countries, affecting
10–30% of the general population.7
Complications
Independent of etiology, the accumulation of fibrosis in the
liver is a common histopathological pathway, with the greatest impact on the prognosis of chronic liver diseases. If left
untreated, liver fibrosis may evolve to its endstage of cirrhosis, which is associated with a high risk of developing
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hepatocellular carcinoma (HCC) and liver failure.8 Decompensation and endstage complications of liver cirrhosis
decrease dramatically the life expectancy of patients. These
complications include portal vein thrombosis, development
of HCC, formation of esophageal varices, ascites, and hepatic encephalopathy. The only definitive treatment for decompensated liver cirrhosis is liver transplantation. Hence, early
identification of patients at risk of developing liver cirrhosis
and decompensated liver disease is critical to initiate
therapy.
Diagnosis
Guidelines recommend liver fibrosis staging for all causes of
chronic liver diseases to establish prognosis and guide management. Liver biopsy has long been the gold standard of
reference to stage fibrosis in the liver.3
Liver Fibrosis Staging
Several liver fibrosis staging systems have been proposed
according to the underlying disease. The METAVIR scoring
system is widely used, particularly for hepatitis B and C.9
The Ishak’s system is a revised version of an older histological activity index mainly applied to hepatitis B and C.10,11
The Brunt system applies specifically to NAFLD and nonalcoholic steatohepatitis (NASH).12 These histological staging
systems group all patients with cirrhosis into a single category, without taking into account the severity of cirrhosis. The
Laennec staging system, a modification of the METAVIR
system, was proposed to provide a more refined histological
subclassification of cirrhosis.13 This system subdivides cirrhosis into three groups (4A, 4B, and 4C) based on the
thickness of the fibrous septa and the size of nodules.
Both the METAVIR and Brunt systems—arguably the
most commonly used systems—stage liver fibrosis on a scale
of 0–4 through visual assessment of the amount and distribution of fibrous tissue on histopathology slides (Fig. 1).
While semiquantitative scoring systems differ in the number
of categories, they distinguish the following stages: 0,
absence of liver fibrosis; 1, mild fibrosis with portal fibrosis,
defined as a stellate enlargement of portal tracts; 2, significant fibrosis with portal fibrosis and a few septa between
1277
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portal tracts or hepatic veins; 3, severe fibrosis with septal
fibrosis; and 4, liver cirrhosis with diffuse fibrosis delineating regenerative nodules.

TABLE 1. Overview of Imaging Techniques for
Assessment of Liver Fibrosis

Imaging modalities
Advantages and Limitations of Liver Biopsy
Liver biopsy has several advantages, including direct evaluation of fibrosis stage, ability of performing several stains,
and evaluation of coexisting disorders such as the presence
of fat, iron, inflammation, biliary disease, and overlap
conditions.14,15
However, fibrosis staging by liver biopsy also has limitations. Cirrhosis may be missed if the liver biopsy sample
is inadequate.16,17 Samples taken from both lobes of the liver may lead to differences of at least one fibrosis stage in
33.1% of cases due to disease heterogeneity.18 Smaller samples lead to underestimation of the liver fibrosis stage.19
Requirements regarding the size of liver biopsy samples and
number of portal tracts vary in the literature.20–23 However,
bigger samples are favored.24
Further, liver biopsy is associated with complications
that are intrinsic to its invasive nature. Pain is common,
occurring in up to 84% of patients and predominantly
related to percutaneous liver biopsy.25 Bleeding constitutes a
severe complication, especially when it takes place intraperitoneally, occurring in 1 in 2500 to 1 in 10,000 biopsies.4
Studies have shown patients’ and physicians’ reluctance
toward liver biopsy.26,27 Finally, liver biopsy is costly,
requires a trained physician, and often hospitalization.
Treatment of Liver Fibrosis
Fibrosis stage dictates the decision to treat and prioritization
for intervention in patients at higher risk for fast progression
to liver cirrhosis and endstage complications of chronic liver
disease. Emerging evidence suggests that liver fibrosis is a
dynamic and reversible process, thus it may be treated and
its evolution reversed if detected in its early stages.28 The
presence of significant liver fibrosis (stage 2), is considered
a definitive indication for treatment. This threshold is clinically meaningful because it is the hallmark of a progressive
liver disease, which eventually progresses to liver cirrhosis.
Identification of cirrhosis (stage 4) is also pivotal in clinical
practice since it requires a specific management, including
screening for HCC and for esophageal varices.29,30
Monitoring of Liver Fibrosis
Upon finding liver fibrosis, there is a need to monitor disease progression over time. However, using repeated biopsies
for this purpose would be unrealistic because of the costs
and risks associated with the procedure.26 Hence, the use of
noninvasive techniques would be more acceptable for monitoring of disease stage.
1278

Techniques
Morphology

US
Yes

CT
Yes

MRI
Yes

Texture

Yes

Yes

Yes

Elastography

Yes

No

Yes

No

Yes

a

Strain imaging

Yes

T1q

No

No

Yes

Diffusion-weighted imaging

No

No

Yes

Perfusion

Yes

Yes

Yes

Hepatocellular function

No

No

Yes

“Yes” indicates that the technique has been implemented on
the corresponding imaging modality and “No” indicates that
the technique is not available on this modality.
a
Although strain imaging is available on the ultrasound systems,
this technique is not used for the assessment of liver fibrosis.

Imaging of Liver Fibrosis
Table 1 provides an overview of techniques implemented
with each imaging modality. MR can evaluate several tissue
contrast mechanisms not available with other imaging
modalities.
We review the imaging of liver fibrosis according to
changes in physical or physiological properties. Whenever
applicable, we provide a brief overview of US- and computed tomography (CT)-based techniques before focusing on
MR-based methods. For each approach, we summarize the
key concepts, advantages and limitations, and diagnostic
performance. Diagnostic performance is reported for studies
which use histopathology as their reference standard, unless
otherwise stated. The area under the receiver operating characteristic curve (AUC) was available for most techniques.
However, except for elastography, sensitivity and specificity
with the associated diagnostic thresholds were seldom
reported in the literature.

Comparison of MRI Techniques
The relative strengths and limitations of MRI-based techniques for assessment of liver fibrosis are summarized in
Table 2. The diagnostic performance of MRI techniques is
summarized in Table 3.

Morphology
Concept
Radiological investigation of the liver may reveal morphological features of cirrhosis. Some visible signs of cirrhosis
include a nodular contour of the liver, segmental atrophy,
blunt edges, widened fissures, expanded gallbladder fossa,
and right posterior hepatic notch.31,32 As cirrhosis leads to
Volume 45, No. 5
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TABLE 2. Advantages and Limitations of MRI-Based Imaging Techniques

Techniques

Advantages

Limitations

Morphology

- Simple
- Widely available
- No postprocessing required

- Subjective
- Low repeatability
- Not sensitive for early fibrosis

Texture

- Can be performed on any modality
- Can be performed on routine
clinical images

- Requires postprocessing software
- Dependent on image quality

Elastography

- MRE has the highest diagnostic
performance for staging liver fibrosis

- Several biological and technical
confounders
- Requires additional hardware
- Requires postprocessing

Strain imaging

- No additional hardware required
- Assesses the left liver lobe (hence
may complement MRE)

- Requires postprocessing
- Diagnostic performance not well
validated

T1q

- No additional contrast agent or
hardware required

- Increased sensitivity to B0 and B1
field inhomogeneities
- High specific absorption rate
- Recently introduced
- Diagnostic performance not
well validated

Diffusion-weighted
imaging

- Widely available

- Technique not standardized
- Sensitive to motion
- Measurements often unreliable in left
liver lobe
- Conflicting results on relationship
between ADC and fibrosis stage

Perfusion

- Potential prognostic significance

- Requires intravenous contrast agent
- Requires postprocessing
- Technique and modelling
not standardized

Hepatocellular function

- Can be incorporated to clinical
liver MRI examinations
- Fast and simple postprocessing

- Additional cost related to hepatobiliary
contrast agent
- Validation required

ADC: apparent diffusion coefficient; MRE: magnetic resonance elastography.

portal hypertension, the following findings may become visible: splenomegaly, ascites, and varices.31 These morphological features of cirrhosis have been assessed with US,33–36
CT,37–39 and MRI.40,41 One study42 performed a paired
comparison of US-, CT-, and MRI-determined morphological changes for detection of liver fibrosis and found through
ROC curve analysis that CT and MRI had marginally better
diagnostic performance than US for the detection of cirrhosis. Some of these studies used a semiquantitative approach
to the diagnosis of cirrhosis by using a radiologist-defined
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score based on the appearance of some of the features listed
above. Others use a more quantitative approach by measuring the length of liver segments or the spleen.40
Advantages and Limitations
Assessing morphological features for the diagnosis of cirrhosis is easy to perform and feasible on all three imaging
modalities. However, the approaches used are mostly qualitative and have low repeatability, as the scoring of these
imaging features is highly subjective. Also, it does not allow
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FIGURE 2: Examples of T1-weighted fat-saturated contrast-enhanced MRI in a patient without known chronic liver disease and
another with liver cirrhosis showing the altered texture of liver parenchyma affected by fibrosis. Note the higher standard deviation (SD) and higher entropy in regions of interest (ROIs) in the patient with cirrhosis (fibrosis stage 4).

for accurate staging of liver fibrosis and only has moderate
accuracy for the diagnosis of cirrhosis.
Diagnostic Performance
Studies have found varying AUCs as low as 0.7242 and as
high as 0.9135 for the diagnosis of stage 4 fibrosis (cirrhosis). The assessment of morphological features on liver MRI
covers a wide range of sensitivity and specificity values (see
Table 3) for detection of cirrhosis; however, this technique
does not allow fibrosis staging.

Texture Analysis
Concept
Liver fibrosis leads to changes in the texture of the parenchyma. A fibrotic liver typically appears to have a coarser
texture than healthy tissue.43
These changes may be assessed using computer-based
texture analysis for quantitative measurement of the liver
texture. Several analysis methods are used to extract a number of features from regions of interest in the image, such as
histogram, co-occurrence matrix, and wavelet transform
analysis.43 Studies have used features individually or in combination for assessment of fibrosis stages. This concept has
been applied to all three imaging modalities, and has been
implemented both on unenhanced and contrast-enhanced
imaging studies. The injection of contrast agents increases
the visibility of fibrous tissue, which gradually enhances in
the portal venous phase and becomes most conspicuous in
the delayed venous phase. Further, this increases the contrast
between late-enhancing fibrous tissue and cirrhotic nodules
(Fig. 2).
On US, B-mode imaging44–46 and contrast-enhanced
US (CEUS)47 have been used. On CT, some studies have
used unenhanced images,48 although most rely on contrastenhanced images for texture analysis.49–51 On MRI, several
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sequences have been investigated for texture analysis, including unenhanced T1-weighted,52 T2-weighted,53 and proton
density-weighted imaging.54 Contrast-enhanced images have
often been analyzed.43,55–57 One interesting variant to contrast injection includes the use of double contrast-enhanced
MRI images.43,55,56 This is performed with the sequential
injection of a gadolinium chelate and superparamagnetic iron
oxides (SPIOs). The combined effect of these contrast agents
accentuates the contrast between the fibrous tissue and cirrhotic nodules since gadolinium chelates cause delayed
enhancement of the fibrotic region and SPIOs cause marked
hypointensity of cirrhotic nodules due to T2 shortening. This
double-contrast technique highlights the texture of liver
parenchyma in the presence of fibrosis or cirrhosis. However,
ferumoxides are no longer available, so some radiologists use
ferumoxytol. This drug is not approved as a contrast agent, so
its use for imaging is either investigational or off-label.58
Advantages and Limitations
Texture analysis may be carried out on any imaging modality and does not necessitate specialized hardware. Most imaging sequences, including routine clinical images, may be
used for analysis. Many softwares are used and many features are reported for texture analysis. However, these techniques are not standardized, which makes comparison
between studies challenging. The need for postprocessing
software can also be a limitation. The results of texture analysis also strongly depend on the technical quality of source
images. As this technique is preferably performed on
contrast-enhanced images, this may further limit its
applicability.
Diagnostic Performance
Diagnostic accuracy of texture analysis is highly variable,
depending on the parameter or combination of parameters
1281
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being assessed as well as the type of image. On MRI, one
study56 found accuracies ranging from 0.67 for the detection of fibrosis stage 2 to 0.94 for the detection of cirrhosis. Another study55 used several parameters and imaging
sequences for their analysis and found the highest AUC to
be 0.98 for separation of fibrosis stage 2 from fibrosis
stage 3 on double contrast-enhanced images analyzed with
a combination of two texture parameters.

Mechanical Changes in Liver Fibrosis
Liver fibrosis induces mechanical changes to the liver that
are perceived qualitatively as increased stiffness by physical
examination.59 To complement the physical examination
and provide quantitative assessment of mechanical properties, elastography methods were proposed to measure the
shear wave propagation in the tissue, from which the shear
wave speed (in m/s), the shear wave attenuation (in Np/m),
the complex shear modulus (in Pa), the elasticity (in Pa), or
Young’s modulus (in Pa) could be reported. The physical
parameter quantified in dynamic elastography is usually the
shear wave speed. Assuming a model, mechanical parameters
can then be approximated. The complex shear modulus G*
corresponds to the resistance of a material to shear stress
and has two components, the storage modulus G0 and the
loss modulus G00 . The storage modulus is the real part of
G* and reflects the elastic component of the tissue. The loss
modulus is the imaginary part of G* and represents the viscous component. G* can also be defined as the slope of the
shear strain to shear stress relationship. Elasticity is a property of a material that tends to return to its original shape
after deformation. The Young’s modulus corresponds to the
slope of the uniaxial strain–stress relationship that is equal
to three times the shear modulus for isotropic and incompressible materials. Alternatively, mainly with MR-based
methods, liver fibrosis could be studied with strain imaging
approaches. Strain represents the deformation expressed in
percent of the original segment length.
Liver fibrosis has an effect on all these tissue properties. Increases in fibrosis stage are associated with an exponential increase in liver stiffness and a corresponding
increase in most listed properties (ie, shear wave speed,
Young’s modulus, G*, G0 , and G00 ).60–63 However, mechanical properties do not solely depend on the fibrosis stage, but
also depend on technical and biological confounders. Technical confounders include the frequency of the applied shear
wave, because of the dispersive behavior of tissues,64,65 the
depth of measurement,66 and device dependencies. Biological confounders of tissue stiffness measurements include
inflammation,67 breathing motion,68 and fasting or postprandial state of the patient.69,70
1282

Elastography
Elastography techniques may be classified according to the
type of deformation, source of deformation, timing of
mechanical deformation, imaging modality on which they
are implemented, and the volume assessed. The type of
deformation is either produced by shear waves, as introduced earlier, or by a compression of the tissue (known as
strain elastography). The source of deformation can be
intrinsic and produced by physiological cardiac and respiratory motions; external, using a manual compression or a
vibrator; or in situ with a radiation pressure inducing shearwaves, as in US shear wave elastography. Dynamic mechanical vibrations may be transient (very short duration, <30
msec) or harmonic (periodic motion applied throughout the
image acquisition). The imaging modality is either US or
MRI. Finally, the studied volume is either unidirectional
(1D transient elastography), small (focal point radiation
pressure), planar (US shear-wave elastography), multiple slices (2D MR elastography [MRE]), or large that may
encompass the entire liver (3D MRE). There are therefore
numerous existing elastography implementations.
In this article, we focus on shear-wave elastography
techniques, which have found more applications in the diagnosis and staging of liver fibrosis. We also briefly comment
on MRI strain imaging, which is distinct from MRE. A
classification of elastography techniques is shown in Fig. 3.
Illustrations of shear elastography techniques and companion examples are provided in Fig. 4.

US Shear-Wave Elastography
Concept
Shear wave elastography techniques measure the propagation
speed and amplitude decay of mechanical shear waves inside
the tissue. Most imaging methods, however, simply rely on
the shear wave speed, which increases with higher fibrosis
stages.
Numerous US-based shear wave elastography techniques have been described.71 Of these, three are most widely
used clinically and are succinctly described: 1D transient
elastography, focal point shear-wave elastography, and supersonic shear-wave elastography. With US, excitation frequencies typically range from 50–400 Hz. Since mechanical
properties are frequency-dependent and elastographic techniques use different excitation frequencies and report their
results in different units, the thresholds for staging liver
fibrosis cannot be directly compared.
In 1D transient elastography, commercialized as FibroScan (Echosens, Paris, France), a piston-mounted transducer
induces a mechanical vibration of 50 Hz at the surface of
the skin above the liver. The resulting shear waves are
tracked to measure their propagation speed, which is converted to a Young’s modulus.72
Volume 45, No. 5
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FIGURE 3: Classification of US-based and MR-based elastography techniques. TE 5 transient elastography. pSWE 5 point shear
wave elastography. SWE 5 shear wave elastography. MRE 5 magnetic resonance elastography.

To perform focal point shear-wave elastography, commercialized as ARFI (acoustic radiation force impulse, Siemens Medical Solutions, Mountain View, CA), a radiation
pressure is created and focused on one point at a time in the
tissue. The acoustic energy from the impulse is converted to
mechanical shear waves. These are mapped in 2D using US
tracking pulses, and the resulting tissue displacement is measured.73 New implementation of this method relies on multiple focal points and assessment of the shear wave speed.

Supersonic shear-wave elastography, commercialized by
Supersonic Imagine (Aix-en-Provence, France), uses multiple
spherical wave fronts, which are created at increasing depths
in the tissue at a speed faster than that of the shear waves,
thus producing a Mach cone. The propagation of this shear
wave cone is then imaged at an ultrahigh frame rate
(15,000 Hz) in the entire imaging field of view to capture
shear wave speeds. This allows the real-time generation of
elastograms representing the Young’s modulus of the tissue

FIGURE 4: First row: illustrations of probes used by each shear elastography techniques with field of view (black outline), source
and direction of shear wave propagation (blue arrows), and regions of interest (gray surfaces). Second row: companion images
that illustrate 1D transient elastography (TE), point shear wave elastography (pSWE), shear wave elastography (SWE), and magnetic resonance elastography (MRE). Transient elastography image courtesy of Laurent Sandrin (Echosens, Paris, France).
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FIGURE 5: MRE in five different patients with fibrosis stages 0 to 4 confirmed by liver biopsy. Top row shows axial wave images
and bottom row shows corresponding axial stiffness maps (also known as elastograms) with a scale from 0 to 8 kPa.

(depending on regulation approval, either the shear wave
speed or Young’s modulus map is provided).74
Advantages and Limitations
US elastography techniques are portable, relatively inexpensive, fast to acquire, and do not require postprocessing.75 In
particular, 1D transient elastography has been widely validated in clinical trials, adopted clinically, and used by clinicians at point of service.
However, US elastography techniques may be technically inadequate in obese patients or those with a narrow
intercostal space. Because of US attenuation, measurement
of shear waves may be unreliable in deeper regions of the
liver. Also, patients with ascites cannot be assessed with 1D
transient elastography because shear waves cannot propagate
in a liquid medium, although this is seldom a clinical concern because these patients usually have known cirrhosis.76
The region of interest (ROI) is smaller with US elastography than MRE techniques. Further, US elastography implementations are not yet standardized, thus preventing
application of shear wave speed thresholds obtained from
different manufacturers.
Diagnostic Performance
The diagnostic accuracy of US elastography techniques has
been assessed in numerous studies and pooled in metaanalyses for 1D transient elastography77–80 and focal point
shear-wave elastography.80,81 This validation was performed
in an era when liver biopsy was still an acceptable clinical
reference standard for confirmation of liver fibrosis stage.
The reported diagnostic accuracy is similar for various
US elastography techniques, with an AUC in the range of
0.84–0.87 for fibrosis stage 2, 0.89–0.91 for fibrosis stage
3, and 0.93–0.96 for fibrosis stage 4. Hence, the diagnostic accuracy tends to increase from significant (stage 2) to
advanced fibrosis (stage 3) and cirrhosis (stage 4).
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MR Elastography
Concept
MRE is a dynamic technique to measure shear wave propagation. The general concept is that shear wavelength (and hence
shear wave speed) is related to tissue stiffness. Examples of
MRE shear wave images and stiffness maps in patients with
fibrosis stages from 0 to 4 are provided in Fig. 5.
MRE requires three components: 1) a driver to generate mechanical waves; 2) a phase-contrast pulse sequence
with motion-encoding gradients (MEG) to detect tissue
motion, obtain information on wave motion and magnitude
MR images to view anatomy, and generate cine wave
images; and 3) postprocessing to obtain wave images and
inversion algorithms to produce quantitative maps of
mechanical properties (also known as elastograms).
Several types of drivers have been developed for
the creation of mechanical waves in MRE. These can be
classified according to the location of the actuator.82 The
most widely used design relies on an active driver located in
the equipment room that creates air pressure waves transmitted through a plastic tube to a passive driver placed
against the patient’s abdominal wall adjacent to the liver.
This design has been commercialized by Resoundant (Rochester, MN) and licensed to major MRI manufacturers.
Drivers can induce shear waves directly at the skin surface or compression waves that are then converted to shear
waves by a process known as mode conversion. Compression waves have better penetration and travel more rapidly
than shear waves and the displacement information due to
these waves can be filtered out during postprocessing.83
The induced vibrations are either at a single frequency
(eg, 60 Hz63) or multiple frequencies.83 Typical excitation
frequencies of MR elastography range from 40–80 Hz for
liver imaging.63,64,84
DRIVER.
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PULSE SEQUENCE. The induced shear waves are then
imaged with a phase-contrast MR pulse sequence. This
MRE concept has been implemented on several different
types of sequences, including spin-echo,85 gradient-recalled
echo,86 echo-planar imaging,64 and balanced steady-state
free-precession.87 Motion-encoding gradients synchronized
with the excitation waves are used to detect small displacements in the range of tens of microns in the encoding direction.88 Both sinusoidal and trapezoidal gradient shapes have
been investigated for this use.89 Typical gradients have a
temporal length of one period of the applied vibration, but
shorter gradients (eg, higher harmonics of the wave) have
also been employed to reduce the length of the image acquisition.87,90 The movements of the tissue are thus encoded
into the resulting signal, in which the phase is proportional
to the amplitude of the wave.

Acquired images include phase
and magnitude information. The phase images reveal the
shear wave propagation data, ie, the shear wave length and
amplitude decay. The magnitude images contain the anatomical information, which is subsequently used to identify
regions of interest in the liver to exclude the liver capsule
and major vessels.
IMAGE ACQUISITION.

MULTIPHASE ACQUISITION. Unlike US elastography,
which relies on ultrafast imaging to track shear wave
motion, MRE applies dynamic (ie, cyclical) shear waves that
are imaged using stroboscopic snapshots of wave motion to
create cine wave images. This is achieved by repeating the
MR image acquisition with different phase offsets between
the motion-encoding gradients and the mechanical wave
induced in the tissue.
POSTPROCESSING. Phase images can be directly con-

verted to so-called wave images, which reveal both the
amplitude and wavelength of shear waves in the tissue. A
curl operator is applied to eliminate the unwanted compression wave component of the image and to isolate the shear
waves. Then an inversion algorithm is used to extract a
quantitative map of the mechanical properties of the liver
(also known as “elastogram”). In clinical practice, this elastogram usually represents the magnitude of the complex
shear modulus jGj, although quantitative maps of storage
modulus (G0 ) or loss modulus (G00 ) are commonly reported
in a research setting. Several inversion algorithms have been
implemented, relying on different assumptions about the
geometry, homogeneity, isotropy or anisotropy, and viscoelasticity of the liver tissue.88,91
MEASUREMENT. From the elastograms, measurements of
tissue mechanical properties can be made. One typically
selects an ROI in the liver parenchyma while avoiding major
vessels and the liver capsule. A recent study92 has proposed
an algorithm for automatic artifact correction and
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segmentation using information from MRE magnitude
images. Of note, the resulting mechanical properties do not
depend on the magnetic field strength of the MR system.93
Advantages and Limitations
Unlike US elastography, the commercially available MRE
technique has been standardized across major MR manufacturers. MRE is a reliable technique for assessing liver stiffness, with little variability between MR manufacturers, field
strengths, and pulse sequences.94,95 Pooled data from metaanalyses of elastography techniques show that MRE provides
higher diagnostic accuracy for staging liver fibrosis than 1D
US transient elastography, focal point shear-wave US elastography, and MR diffusion-weighted imaging. However,
the majority of studies from which these meta-analyses are
based have not performed head-to-head comparison of
MRE with other techniques.96–98 Nevertheless, the few studies that have done so have reported higher diagnostic performance for MRE than 1D transient elastography99 and
supersonic shear-wave elastography.100 MRE has higher
diagnostic accuracy for staging of all fibrosis stages.101
It is a robust technique, which allows measurements in
larger patients or even those with ascites.102 Further, it typically covers a larger liver volume than US elastography techniques, which may reduce sampling variability. However,
the biological confounding factors applying to US elastography techniques (such as postprandial state; concomitant liver
steatosis, inflammation, cholestasis; right heart failure and
hepatic venous congestion) also apply to MRE. Current
MRE sequences are sensitive to liver iron overload, which
lowers the signal-to-noise ratio in the parenchyma and may
lead to unreliable measurements or technical failure.103 This
limitation is especially prevalent at higher field strength (ie,
3.0T) and when using a gradient-echo-based sequence. MRbased elastography is also more prone to motion artifacts
than US elastography. Current MRE implementations rely
on image postprocessing before the results can be appreciated. Automated algorithms for ROI placement, however, are
in development.92 Finally, MRE requires additional hardware to be added to the MR scanner, although the incremental cost is lower than that of US-based elastography
techniques.59
Diagnostic Performance
The diagnostic accuracy of MRE has been assessed using liver biopsy as the reference standard. Four meta-analyses of
the diagnostic performance of MRE are available,96–98,104
which cover 19 studies and a cumulative total of 1441
patients. MRE provides higher overall diagnostic accuracy
than US-based elastography. These meta-analyses report
AUC in the range of 0.84–0.95 for diagnosing fibrosis stage
1, 0.88–0.98 for fibrosis stage 2, 0.93–0.98 for fibrosis
stage 3, and 0.92–0.99 for fibrosis stage 4. Hence, similar
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FIGURE 6: Strain maps of patients with fibrosis stages 1 to 4 confirmed by liver biopsy. Note that strain values in ROI decrease
with increasing fibrosis stages.

to US elastography techniques, the diagnostic accuracy of
MRE tends to increase from lower to higher fibrosis stages.

MR Strain Imaging
Concept
MR strain imaging measures the liver deformation in
response to physiological motion (either cardiac or respiratory).105 Liver strain is high in normal liver and lower in cirrhotic liver. Examples of strain maps in patients with
fibrosis stages from 1 to 4 are shown in Fig. 6.
MR strain imaging can refer to two technical variants:
cine-tagging or strain-encoded imaging. In cine-tagging, the
underlying MR image is modulated by a magnetization grid
that moves with the tissue. This grid is generally created
using the spatial modulation of magnetization sequence
(SPAMM) or one of its variants (eg, CSPAMM); however,
other methods are also available for tagging (eg, DANTE).
Several phases are acquired in the cardiac cycle. The resulting 2D grid or “tags” allow the tracking of tissue movement
created by cardiac motion.106,107 Several analysis methods
are available to convert these images to strain maps, the
most widely used being the harmonic phase (HARP) analysis method. They usually rely on the isolation of harmonic
peaks of the image in the Fourier space to extract phase
information from which tag positions can be extracted. The
final step is to select an ROI for measuring representative
strain for each patient.108,109 Alternatively, strain-encoded
imaging gives a direct measurement of strain through a similar process that encodes strain into the signal by varying
the spatial frequency of artificial tags in the image.110
Advantages and Limitations
Cine-tagging and strain-encoded imaging have the advantage of requiring no additional hardware and can be done
on any clinical MR system without the need for a contrast
agent. They also allow measurement of strain in the left
lobe of the liver, which may be more difficult to assess using
other techniques such as diffusion-weighted imaging and
MRE because the transducer is typically placed above the
right liver. However, postprocessing is required for strain
calculation and placement of the ROI.
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Diagnostic Performance
The diagnostic performance of MR strain imaging has not
been assessed for staging fibrosis in its early stages. Studies
have focused on differentiation between normal and cirrhotic livers109,110 or compared liver strain in patients with cirrhosis with different Child–Pugh scores.108 The reported
diagnostic accuracy of cine-tagging for classification of
Child–Pugh A or greater is in the range of 0.910–0.998
and for Child–Pugh B or greater in the range of 0.806–
0.934. Additional studies are required to evaluate the diagnostic accuracy of strain imaging for the staging of liver
fibrosis.

T1 q
Concept
The spin-lattice relaxation time in the rotating frame, or
T1q, increases with higher fibrosis stages.
T1q refers to a phenomenon that occurs when tipping
the magnetization of spins into the transverse plane before
applying a radiofrequency pulse that creates a spin-lock
state, leading to a low-frequency precession (typically
500 Hz).111 The relaxation time of this transverse magnetization is known as T1q.112 The application of a radiofrequency field (B1) to the volume creates an effective field,
Beff, which rotates around B0 at a certain angle and at the
Larmor frequency. In the rotating reference frame, the magnetization of the spins is first oriented parallel to Beff, then
tipped by the desired flip angle by applying a pulse whose
length is defined as the spin-lock time. To measure this, several spin-lock times are required to sample the monoexponential decay of transverse magnetization.113 Examples of
T1q-weighted images for the calculation of a T1q map are
provided in Fig. 7.
Because of the low frequency of precession, T1q is sensitive to low-frequency motion of molecules and static processes, making it a good indicator of the presence of
macromolecules, such as the proteins that accumulate in the
liver as a consequence of fibrosis.112 T1q has been found to
increase in cirrhotic livers114 and some studies have found it
to correlate with fibrosis stage.115,116 The mechanisms
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FIGURE 7: T1q-weighted images with spin lock durations of (a) 1 msec, (b) 20 msec, (c) 40 msec, and (d) 60 msec. e) Typical signal
decay as a function of the spin lock duration in the liver parenchyma. f) T1q map (msec).

underlying the change in T1q in fibrotic disease are not yet
known, and collagen deposition may not be the only factor
affecting this parameter.
Advantages and Limitations
T1q quantification has the advantage of being unaffected by
the postprandial or fasting state of the patient.117 It also
requires no contrast agent or additional hardware, and
appears not to correlate with the degree of steatosis or the
iron load of the liver, although reported results are based on
a limited sample size.114
However, this technique typically has increased sensitivity to B0 and B1 field inhomogeneities and is associated
with higher specific absorption rate,118 which can lead to
technical complications at higher field strength.
Diagnostic Performance
The diagnostic performance of the T1q quantification technique for staging of liver fibrosis has been assessed in a few
recent studies that have used histopathology as the reference
standard. The AUC was 0.97 for differentiation of normal
(stage 0) from cirrhotic (stage 4) liver in a preliminary
study.114 Another study found a significant differentiation
(P 5 0007) between normal and cirrhotic livers.119 For staging of liver fibrosis, early studies provide contradictory
results. Although a clinical study has shown significant
increases of T1q with higher fibrosis stage, without reporting
May 2017

corresponding AUCs,115 a larger study has found no correlation between fibrosis stage and T1q values.120 Additional
results are required to assess the diagnostic accuracy of T1q
for staging of liver fibrosis and to compare this technique
with MRE.

Diffusion-Weighted Imaging
Concept
Diffusion-weighted imaging (DWI) provides information on
the Brownian motion of water molecules in each imaging
voxel. Diffusion is restricted with higher fibrosis stages.
Examples of apparent diffusion coefficient maps in patients
with fibrosis stages from 0 to 4 are provided in Fig. 8.
Diffusion of water molecules is typically measured by
applying a pair of bipolar gradients that successively
dephases and rephases the spins of the volume. The phase
dispersion is related to motion of water molecules along the
gradient direction. The gradients applied are characterized
by the b-factor, with units of s/mm2. Molecules moving
during the time between the gradients contribute to diminishing the magnitude signal of the image, as a result of
intravoxel dephasing.
Two models are most frequently applied to fit the
data: the monoexponential model or the biexponential model. The monoexponential model requires a minimum of two
b-values (in general 0 s/mm2 and a high b-value, 200 s/
mm2) to fit a linear equation to the semilogarithmic
1287

Journal of Magnetic Resonance Imaging

FIGURE 8: ADC maps of patients with fibrosis stages 0 to 4 confirmed by liver biopsy. Note that ADC values decrease with
increasing fibrosis stages.

plot.121 This gives a measurement of the apparent diffusion
coefficient, or ADC, which grows with an increase in diffusion. The biexponential model is used in a method known
as intravoxel incoherent motion (IVIM).122 To acquire diffusion parameters according to the IVIM model, several
diffusion-weighted images at different b-values, including a
large number of small b-values, must be acquired. Capillary
perfusion can be estimated from low b-values (<200 sec/
mm2) and molecular diffusion from high b-values (200 s/
mm2). Three parameters are extracted from the IVIM model: the perfusion fraction (f ) and two components contributing to signal loss: diffusion (D) and perfusion (D*), often
referred to as pseudo-diffusion.123
There are conflicting results as to the relationship
between the ADC and fibrosis stage. Some studies have
shown a decrease in ADC with increasing fibrosis stage,
which may be explained by the presence of collagen fibers
restricting molecular motion.124–128 One study129 showed
that ADC decreased with fibrosis stage in living rats, but
not in dead rats, suggesting that perfusion may be a more
important factor in the decrease of ADC than molecular
diffusion. On the other hand, studies have shown a significant decrease in D*,130–134 D131–134 (other studies did not
observe this decrease in D). and f132–134 (other studies
found f to be unchanged). D*, which is related to perfusion
rather than diffusion, shows the most drastic decrease of
these parameters. The decrease in perfusion is explained by
the presence of collagen deposits and stellate cells that
increase the resistance to blood flow in the liver and contribute to portal hypertension.135
Advantages and Limitations
DWI is available on most MR scanners and does not
require specialized hardware. Its acquisition is relatively fast
and does not require contrast injection, which explains its
clinical adoption in liver imaging.
However, there are several limitations to this technique. First, the b-values used from one center to the other
are not standardized, and it has been shown that b-value
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does have an impact on measured ADC.136,137 Therefore,
ADC values cannot be compared from one study to the
other and cutoff values for staging liver fibrosis are difficult
to establish. ADC is also sensitive to image noise, which
makes comparison between vendors and scanners more difficult. Additionally, diffusion-weighted MRI is intrinsically
affected by motion, which makes measurements unreliable
in the left lobe of the liver due to cardiac motion. Confounding factors of DWI include incomplete fat saturation
and iron deposition in the liver.138
Diagnostic Performance
The diagnostic accuracy of DWI has been assessed using liver biopsy as the reference standard. A meta-analysis of DWI
studies assessing monoexponential analysis of ADC for the
staging of liver fibrosis included 10 studies with a cumulative total of 613 patients.96 This meta-analysis reported
AUC of 0.86 for fibrosis stage 1, 0.83 for fibrosis stage
2, and 0.86 for fibrosis stage 3.
More recently, some studies have examined IVIM for
staging of liver fibrosis. A study has found that D* was
more accurate in determining the stage of fibrosis than
ADC.134
However, a combination of the three parameters
extracted from IVIM may provide higher diagnostic accuracy than ADC alone.132 Standardization of the IVIM technique is required before thresholds may be adopted
clinically.

Perfusion
Concept
In perfusion imaging, liver signal enhancement after injection of contrast agents is used to assess liver function.
Changes in semiquantitative or quantitative parameters may
be related to liver fibrosis stages. Examples of dynamic
contrast-enhanced images and corresponding signal intensity
curves are shown in Fig. 9.
Perfusion imaging has been performed with US, CT,
and MRI, but this review will focus on MRI-based
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FIGURE 9: T1-weighted fat-saturated MRI before and after injection of extracellular gadolinium contrast agent in normal (top row)
and cirrhotic (bottom row) patients. Note that arterial enhancement fraction (AEF) values are higher in cirrhosis.

perfusion. MRI typically uses gadolinium-based contrast
agents, which increase the signal of blood in a T1-weighted
sequence by decreasing its T1 relaxation time. Signal intensity is typically measured in the abdominal aorta as a surrogate for the hepatic artery, the portal vein, and the liver
parenchyma.139 Model-free analysis of the enhancement
curves results in semiquantitative parameters such as time to
peak, peak concentration, and upslope.133,140,141
For quantitative imaging, signal intensity is converted
to contrast agent concentration, first by calculating the T1
of each region using either a linear or nonlinear relationship,142 then by assuming a linear relationship between R1
(1/T1) and concentration of gadolinium. Various pharmacokinetic models are used to extract more quantitative perfusion parameters. Several models have been proposed for the
analysis of perfusion data,140 and they differ in the number
of feeding vessels and tissue compartments. In the liver, the
dual-input single compartment model is most often used to
account for the dual vascular supply of the hepatic artery
and portal vein. Two-compartment (intravascular and extravascular extracellular space) and three-compartment models
(intravascular, extravascular extracellular space, and hepatocellular space) have been assessed. Parameters measured with
these techniques include arterial and portal fractions as well
as mean transit time of contrast agent. Others have measured the arterial enhancement fraction, which is represented
by (arterial phase signal intensity minus the unenhanced
intensity) divided by (portal phase signal intensity minus
the unenhanced intensity).143,144 Portal fraction has been
shown to decrease133,145 and arterial enhancement fraction
to increase143,144 with increasing fibrosis stage.
Advantages and Limitations
This concept has the advantage of being applicable to any
contrast-enhanced imaging modality (CEUS, dynamic
contrast-enhanced [DCE]-CT and DCE-MRI) and has
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potential for prognostic significance, as perfusion parameters
could be used to predict treatment outcome. However,
patient cooperation is essential for intravenous injection of a
contrast agent. Postprocessing of perfusion images is potentially lengthy, and the analysis is not standardized from one
center to the other due to the use of different models and
assumptions.
Diagnostic Performance
Using the arterial enhancement fraction for the staging of
fibrosis, one study found AUCs of 0.83 for fibrosis stage
1, 0.85 for fibrosis stage 2, 0.88 for fibrosis stage 3,
and 0.92 for fibrosis stage 4.143 The diagnostic performance
of perfusion imaging for the staging of fibrosis therefore
increases with higher fibrosis stage.

Hepatocellular Function
Concept
The uptake of hepatobiliary contrast agents may be used as
a surrogate marker of liver function, which decreases with
higher fibrosis stages. Examples of DR1-based hepatocyte
fraction maps showing the uptake of a hepatobiliary contrast
agent are shown in Fig. 10.
Two hepatobiliary contrast agents are available, gadoxetate disodium and gadobenate dimeglumine, whose uptake
depends on the expression of transporters, related to function of hepatocytes.146 These can be used to assess liver
function by acquiring images before contrast injection and
in hepatobiliary phase of uptake (20 min after gadoxetate
disodium injection). Different measurements of hepatic
function can be used, such as relative enhancement compared to precontrast signal,147–149 relative signal intensity
compared with other organs (such as the spleen, muscles, or
spinal cord),150,151 or both.152 Because fibrosis impedes
hepatic function, contrast enhancement tends to diminish
with increasing fibrosis stage. Recently, other studies have
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FIGURE 10: Hepatocyte fraction (HeF) maps in four different patients with various fibrosis stages. Note that the hepatic uptake of
gadoxetate disodium decreases with higer fibrosis stages. Image courtesy of Tomoyuki Okuaki (Philips Healthcare, Tokyo, Japan).

employed different approaches for the measurement of liver
function. One of them153 used the signal enhancement
curve of the liver parenchyma to extract semiquantitative
parameters such as those measured in DCE-MRI. Others
have used pharmacokinetic modeling and DR1 to extract
the hepatocyte fraction, which has shown a negative correlation with fibrosis stage.154,155
Advantages and Limitations
Evaluation of hepatobiliary function can be done on any
clinical MRI system, and is already a routine examination
for liver fibrosis in some centers. Postprocessing of the
images is simple and fast.
However, this technique requires injection of hepatobiliary contrast agents, which are more costly than extracellular agents, and requires at least a 20-minute delay for
hepatobiliary phase imaging, which lengthens the
examination.
Diagnostic Performance
Diagnostic performance varies from one study to the other
and depends on the parameters being assessed. Studies
found AUCs of 0.63,151 0.85,149 0.87,150 and 0.93152 for
detection of fibrosis stage 3. The detection of other fibrosis stages has not been assessed. More studies are warranted
with a uniformized protocol and analysis method for better
evaluation of diagnostic performance.

Miscellaneous
Additional MRI contrast mechanisms have been investigated
for the staging of liver fibrosis. T1 mapping on hepatobiliary
contrast-enhanced images156,157 shows an increase in liver
T1 in fibrotic or cirrhotic livers. Susceptibility-weighted
imaging158,159 shows a decrease in liver-to-muscle signal
intensity ratio that correlated with fibrosis stage. Recently, a
new contrast agent targeting collagen, EP-3533, has been
created for molecular imaging of fibrosis.160 This agent has
been tested in rats but human studies have yet to be
conducted.161–163
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Future Directions
Imaging techniques address an important limitation of liver
biopsy: their noninvasive nature eliminates the risk of hemorrhagic complications and improves acceptability for
patients and physicians. Yet, despite this large array of imaging techniques to evaluate liver fibrosis noninvasively, there
are still some clinical needs that are not completely
addressed.
Because of its inherently volumetric nature, MRI
encompasses the entire liver volume. This may help resolve
the sampling variability that affects US elastography techniques that sample a small liver volume. However, the current
2D MRE technique available commercially evaluates liver
stiffness in four slices. Recently, the introduced 3D MRE
technique shows promise for assessment of the entire liver
volume.164 MRE is a highly accurate technique for the staging of liver fibrosis, but it is affected by a technical failure
rate of 5.6%, especially in patients with iron deposition.102
Investigational sequences may improve coverage, robustness
to iron deposition, and technical success.164,165
To facilitate clinical adoption and to minimize the variability between MRI manufacturers and field strengths,
there is a need to standardize acquisition techniques (other
than MRE, which is already well standardized between vendors and centers)—including pulse sequence parameters—
and postprocessing. In turn, this will permit application of
thresholds obtained from different MRI scanners.
The inclusion of MRI sequences for assessment of liver
fibrosis adds MRI acquisition time. Sequences that simultaneously assess different contrast mechanisms may help
reduce total acquisition time while providing multiparametric imaging.166
Another barrier to clinical adoption is the requirement
for time-consuming postprocessing with most current MRbased quantitative techniques. Automation and faster calculation of quantitative parameters will be required for realtime interpretation by the radiologist. The inclusion of
automated liver segmentation, which alleviates the need for
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ROI placement by users, will also reduce interobserver
variability.
Chronic liver diseases are characterized by the presence
of liver fibrosis, fat, inflammation, biliary disease, and iron.
The concomitant presence of these pathological changes
may act as confounders to liver fibrosis staging. Multiparametric techniques are required to assess and control for the
effect of these biological confounders on the diagnosis and
staging of liver fibrosis. In particular, quantification of liver
steatosis may be helpful for the management and monitoring of NASH patients.14 While preliminary results suggest
that MRE may detect inflammation, a marker of activity
grade, future clinical studies are required to validate this
concept.167,168 Finally, recent studies suggest that combining
parameters yields better diagnostic performance than single
parameters for staging of liver fibrosis.133,159,169
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Conclusion
In summary, qualitative and quantitative imaging techniques
for the staging of liver fibrosis have been implemented on
US, CT, and MRI scanners to address the limitations of liver biopsy. These imaging techniques assess changes in morphology or physical properties such as texture, mechanical
properties, T1q, diffusion, perfusion, and hepatocellular
function. Among these techniques, US elastography is the
most widely used clinically. However, MRE has higher diagnostic accuracy for staging liver fibrosis than US elastography and other MR-based techniques. Further, MRI has the
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“one-stop-shop” multiparametric protocol may leverage the
numerous tissue contrast mechanisms of MRI for simultaneous assessment of liver fibrosis as well as inflammation,
biliary disease, fat, and iron deposition.
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