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Abstract

Non-invasive evaluation of liver fibrosis has evolved over the last couple of decades. Currently,
elastography techniques are the most widely used non-invasive methods for clinical evaluation of
chronic liver disease (CLD). MR elastography (MRE) of the liver has been used in the clinical
practice for nearly a decade and continues to be widely accepted for detection and staging of liver
fibrosis. With MRE, one can directly visualize propagating shear waves through the liver and an
inversion algorithm in the scanner automatically converts the shear wave properties into an
elastogram (stiffness map) on which liver stiffness can be calculated. The commonly used MRE
method, two-dimensional gradient recalled echo (2D-GRE) sequence has produced excellent
results in the evaluation of liver fibrosis in CLD from various etiologies and newer clinical
indications continue to emerge. Advances in MRE technique, including 3D MRE, automated liver
elasticity calculation, improvements in shear wave delivery and patient experience, are promising
to provide a faster and more reliable MRE of liver. Innovations, including evaluation of
mechanical parameters, such as loss modulus, displacement, and volumetric strain, are promising
for comprehensive evaluation of CLD as well as understanding pathophysiology, and in
differentiating various etiologies of CLD. In this review, the current status of the MRE of liver in
CLD are outlined and followed by a brief description of advanced techniques and innovations in
MRE of liver.
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Introduction

Chronic liver injury by any etiology results in inflammation and destruction of hepatocytes,
and the liver parenchyma responds by regeneration and fibrosis [1, 2]. Untreated and
continued injury leads to increased fibrosis, and when regenerative capacity fails, fibrotic
response overwhelms parenchymal regeneration, leading to cirrhosis and its associated
complications. Liver fibrosis is the single most important factor that determines the outcome
in chronic liver disease (CLD). Early treatment of liver fibrosis is associated with better
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outcomes, emphasizing the importance of early detection and assessment of severity of liver
fibrosis [3-5]. The diagnosis of liver fibrosis can be established directly with histological
evaluation from an invasive liver biopsy or indirectly by measuring surrogate markers for
liver fibrosis. Although liver biopsy is considered the reference standard, it is associated with
non-negligible complications, such as pain and bleeding, and it is limited by sampling error
and low intra- and interobserver agreement [6]. Furthermore, the associated cost for liver
biopsy makes it a less preferred method for follow up and response assessment, following
treatment in CLD.

Non-invasive tests measure surrogate markers for the presence of liver fibrosis. The standard
laboratory tests measure markers of liver inflammation and liver function that indirectly
correlate to presence and severity of CLD. The direct biomarkers of fibrosis are not specific
to liver fibrosis and can be influenced by fibrotic processes elsewhere in the body. The
serum levels of these biomarkers also depend on their clearance from the body, which can be
affected by other organ dysfunction [7]. A combination of direct and indirect biomarkers are
used clinically in the form of indices such as AST-to-platelet ratio index (APRI) and FIB-4
score which are most useful for distinguishing cirrhosis from early stage fibrosis, but are not
useful for differentiation of early stages of fibrosis.

The currently available imaging biomarkers for evaluation of liver fibrosis include: liver
stiffness with ultrasound and MR elastography (MRE), restricted diffusion with diffusion
weighted imaging (DW]1), intra-voxel incoherent motion (IVIM) imaging, T1-relaxation on
MR, extracellular space estimation with CT or MRI, relative liver function estimation with
gadoxetate-enhanced MRI, surface nodularity index on CT or MRI and attenuation
differences with dual energy CT. Artificial intelligence and deep learning methods, including
texture analysis, are also being explored with encouraging results. Of these, currently, liver
stiffness evaluation (see Table 1 for description of terms used in the evaluation of
mechanical properties of tissues) with ultrasound and MRE are validated in several studies
and widely used in clinical practice Magnetic resonance elastography (MRE) measures
stiffness of the liver by analyzing the propagation of shear waves through the liver [8]. MRE
is currently regarded as the most accurate non-invasive diagnostic tool for detection and
staging of liver fibrosis [9]. Although ultrasound-based elastography techniques have the
added advantage of lower cost to the patient and accessibility, they are have lower accuracy,
higher failure rate and lower reliability compared to MRE [10-12] rate. There is a continued
debate as to which method is best, and the clinical use is usually determined by the
availability of the method and local expertise at an institution.

Liver parenchymal stiffness is dependent on tissue composition, organization of the
components, vascular component and interstitial pressure, and the pathological conditions
affecting these factors [13]. In patients with CLD, destruction of normal hepatic
parenchyma, progressive accumulation, and decreased remodeling of excessive extracellular
matrix (ECM) and distortion of the parenchymal architecture lead to increased liver
stiffness. Although liver fibrosis is the predominant factor that causes increased stiffness in
CLD, other pathologic processes often coexisting with fibrosis, such as inflammation, biliary
obstruction and cholestasis, passive congestion, and increased portal venous pressure may
also contribute to increased liver stiffness [14, 15]. Differentiating these processes from liver
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fibrosis is challenging and research work and efforts are being made in this direction with
evaluation of other mechanical parameters obtained with MRE.

In this review article, we will briefly describe the current status of MRE of the liver in the
evaluation of CLD and in the following section we will focus on future perspectives.

Current liver MRE technique

Liver MRE can be easily integrated into the existing clinical MR scanners. The widely
available FDA-approved MRE pulse sequence is a phase contrast two-dimensional gradient
recalled echo (2D GRE MRE) sequence. The clinical liver MRE setup includes an active
pneumatic mechanical driver stationed outside the MRI scanning room and connected to a
passive driver with a 25-30-foot-long flexible plastic tube. The passive driver is placed on
the lower chest wall and right upper abdomen of the subject, overlying the liver, and
securely held in contact with a fibroelastic band. The active driver produces continuous
acoustic vibrations at 60 Hz that are transmitted to the passive driver via the tube. The
passive driver then transmits the waves to the entire abdomen, including the liver. These
acoustic waves produce microscopic shear displacement of tissues, which when imaged
continuously by the mation sensitive MRE sequence synchronized to the mechanical waves,
produces images of propagating shear waves also known as wave images. Typically, 4 slices
of 5-10 mm thickness through the largest cross-section of the liver are obtained, avoiding
the dome of the liver and the inferior portion of the liver, as slices through these regions of
liver can result in high liver stiffness measurement (LSM). A magnitude image delineating
the anatomy of the upper abdomen and a phase contrast image that shows propagating shear
waves at the same level are immediately reconstructed and available at the scanner for
review. An inversion algorithm installed in the scanner automatically processes the
information in the magnitude and phase images and produces gray scale and colored
stiffness maps. The stiffness maps are also known as elastograms. Where available, a
confidence map is overlayed on these images to exclude regions in the liver and abdomen
which are noisy and have less reliable stiffness data. A reader can then draw region of
interest (ROI) within the confidence map over the liver, avoiding liver edge, artifacts,
fissures, fossa, and regions of wave interference, to obtain a reliable LSM. Depending on the
vendor specifications, the LSM measurements can be made either on the gray-scale images
or the colored stiffness maps. The mechanical property measured with MRE is the
magnitude of the complex shear modulus expressed in kilopascals (kPa). This mechanical
property represents both elasticity and viscosity of the tissue. A mean LSM value from the
ROIs drawn on the 4 obtained slices is reported for clinical purposes.

Liver stiffness measurement (LSM)

LSM measurement should ideally be performed with large regions of interest (ROI), drawn
with free hand or automatically, covering as much as possible of the right lobe of the liver
within the confidence map [16]. The left lobe is generally avoided due to pulsation artifacts
from the overlying heart. The preferred method is a free hand geographical ROI that
includes as large a liver parenchyma possible avoiding artifacts (Fig. 1). As liver fibrosis
progresses in CLD, regions of the liver may have different degrees of fibrosis. This
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heterogeneity of disease process is well known in most CLD and therefore smaller ROIs
which do not adequately cover the entire available area for measurement may lead to
inaccurate LSM (Fig. 2) [17].

MRE is highly reproducible with excellent to near perfect intra- and inter-observer
agreement [18-21]. One reason the technique is highly reproducible is the ability of MRE to
obtain LSM from a large portion of liver parenchyma. MRE of the liver is not significantly
affected by the fatty change (hepatic steatosis) in the liver and can be easily performed even
in obese individuals, as long as they are able to fit into the MR scanner [22-24]. Studies
have shown that MRE is reproducible on different scanner platforms [25-27]. LSM with
MRE is a physical property of the tissue and is not affected by the strength of the magnet.
Similarly, studies have shown that LSM is not affected by the gadolinium-based contrast
agents used for liver imaging [28].

The LSM obtained with MRE is dependent on the frequency of the applied mechanical
waves and not comparable to LSM obtained at different frequencies either on MR or
ultrasound. Furthermore, the inversion algorithms and assumptions for mechanical
properties are different from ultrasound-based elastography. For example, the vibration
controlled transient elastography (VCTE) method uses 50 Hz and measures Young’s
modulus which is about 3 times the shear modulus measured with MRE. Similarly, shear
wave elastography measures at a wide frequency range (200-300 Hz) are not comparable
with LSM obtained with MRE.

Limitations of current liver MRE technique

The 2D GRE-MRE technique is a gradient echo-based technique and is susceptible to the
presence of paramagnetic substances that reduce parenchyma signal. The LSM is not
affected by field strength of the magnet; however, a higher technical failure rate has been
reported with 3T scanners (10.7% vs. 4.2%) [29] Technical failure accounts for less than 5%
of examinations, with liver iron overload being the most common cause [30]. Other causes
for technical failure include massive ascites, high body index with increased subcutaneous
fat thickness, and poor contact between the passive driver and the anterior abdominal wall,
all of which may result in poor transmission of shear waves into the liver. Failure of
synchronization between active driver and MRE sequence can also result in suboptimal or
failed MRE. Another cause for technical failure would be inconsistent breath holding by
patients. Mation during the sequence can produce chaotic waves due to mation
superimposed on shear waves and lead to inaccurate LSM.

The LSM obtained with standard clinical MRE sequence represents the stiffness of liver
parenchyma and cannot differentiate between those caused by inflammation, congestion or
increased vascular pressure. Therefore, the stiffness values should be interpreted carefully
with clinical findings and laboratory tests as they would provide important clues for
interpreting increased stiffness.
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Current clinical applications of liver MRE in CLD

Detection and staging of liver fibrosis

Liver fibrosis results in increased stiffness in CLD as compared to normal livers. LSM with
MRE can differentiate normal liver from fibrotic livers with > 90% accuracy [18, 22, 31,
32], and MRE can also detect early stages of fibrosis when cirrhotic morphology may not be
present [33, 34]. The LSM increases as the stage of fibrosis progresses. The increase in liver
stiffness occurs in small increments during early stages of fibrosis (stages 0 through 2), but
in larger increments and almost exponentially in advanced stages of fibrosis (stages 3 and 4).
This biphasic increase in liver stiffness correlates with the proportion of fibrotic tissue in
liver parenchyma during early and later stages of fibrosis [35-37]. The smaller incremental
difference in stiffness during early stages also poses a challenge to accurate differentiation
between the early stages (stage 0-2). Larger differences in liver stiffness exists between
advanced fibrosis/cirrhosis and early stage fibrosis and is, therefore, easier to differentiate
with MRE and other elastography techniques.

The utility of MRE in detection of fibrosis in major causes of CLD, such as chronic hepatitis
B (CHB), chronic hepatitis C (CHC), alcoholic liver disease (ALD), and nonalcoholic fatty
liver disease (NAFLD), has been demonstrated in multiple studies [31, 32, 38-50]. Meta-
analysis studies with pooled data from multiple institutions have confirmed higher
performance of MRE [23, 30]. The usefulness of MRE in detection of liver fibrosis in
uncommon chronic liver diseases, such as primary sclerosing cholangitis (PSC) and for
detection of advanced fibrosis in autoimmune hepatitis, has also been demonstrated [51-56].
The pathological changes are heterogeneous and unique; different processes occur in
different etiologies. For example, macronodular cirrhosis is common in chronic hepatitis B
whereas micro-nodular cirrhosis occurs more frequently in chronic hepatitis C; ballooning of
hepatocytes occurs in NASH; chronic lymphocytic infiltrate is common in autoimmune
hepatitis and primary biliary cirrhosis; and periductal fibrosis in primary sclerosing
cholangitis. It is, therefore, expected that the LSM cutoffs to differentiate fibrotic stages
would not be similar for different etiologies (Table 2). Reported studies have been
heterogeneous in terms of patient selection and histologic methods of staging fibrosis (Ishak
score vs. METAVIR score, etc.,) and, therefore, direct comparison of LSM cutoffs for
different etiologies has been lacking [57]. With the widespread use of non-invasive tests for
diagnosis of fibrosis, the likelihood a comparison study of such nature would also be
challenging to perform in the future. In routine clinical practice at our institute we find it
easy and practical to use a simplified classification of liver fibrosis using MRE LSM (Table
3). The cut-offs were derived using large database of patients undergoing MRE and
pathological correlation wherever possible and from a clinical management perspective. It
would be most useful to rule in fibrosis to assist initiation of treatment and rule out cirrhosis
for determining the need for surveillance of complications-portal hypertension, bleeding
esophageal varices and hepatocellular carcinoma.

MRE is established as a robust, reliable, and accurate non-invasive test for evaluation of liver
fibrosis. Several studies have also shown superior performance of MRE compared to serum
liver tests [58]. Many studies have also shown similar or superior performance of MRE
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compared to VCTE and shear wave elastography (SWE). A number of studies have also
shown better performance of MRE compared with DWI, IVIM, surface nodularity, T1-
mapping, T2-mapping, liver and spleen volumetry, extracellular space fraction estimation
and relative liver enhancement ratio with gadoxetate [59-64].

Currently, there are different cutoffs proposed for distinguishing fibrosis stages in different
CLDs (Table 2). The rationale for distinguishing stages of fibrosis for clinical use arose from
the need for management decisions in CLD. Previously, clinically significant fibrosis stage
(stage 2 or higher) was considered optimal for treatment of fibrosis, and in patients with
advanced fibrosis (stage 3 or higher) were considered suitable for surveillance of
complications. However, these goals continue to evolve as treatment options become
available. A simple and practical classification of LSM would be useful for general practice
(Table 3) as discussed above [65]. The interpretation of the LSM should always be made in
reference to clinical context and to available liver function tests results.

Follow-up assessment

Association

As fibrosis is the major determinant of outcome in CLD, assessment of progression in
patients on follow up is important (Fig. 3). MRE is well suited for longitudinal follow up of
patients with CLD [66]. A 20% change in mean LSM under identical conditions is a
significant change in the LSM in the longitudinal assessment [21]. Takamura et al., showed
that MRE is useful in stratifying the risk of clinical progression of cirrhosis from Child—
Pugh class A to B in chronic hepatitis C patients [44]. Higher LSM is associated with
development of complications including HCC, portal hypertension and decompensation as
discussed below.

of liver stiffness and hepatocellular carcinoma

Patients with CLD are at high risk of development hepatocellular carcinoma (HCC). LSM
with MRE is an independent risk factor for development of HCC in patients with CLD [67].
In one study, patients with LSM > 4.44 kPa had a higher incidence of HCC occurrence
(36.4% vs. 9.5%) than patients with LSM < 4.44 kPa [68]. Yasui et al. showed that LSM >
4.6 kPa was an independent factor associated with HCC development in chronic hepatitis C
patients [69]. In an another study, Ichikawa et al. showed that patients with LSM > 4.7 kPa
were at high risk of developing a HCC [70]. Tamaki et al. in a study of patients with HCC
with sustained virological response, showed that an LSM cutoff = 3.75 kPa was predictive of
HCC development. In patients with HCC and undergoing treatment, a LSM > 5.5 kPa is also
predictive of early recurrence of HCC following treatment, suggesting careful follow up in
patients with high pretreatment LSM [71]. In addition, a high tumor stiffness of HCC may
also be useful for prediction of recurrence [72].

Portal hypertension

Patients with advanced fibrosis are at risk of developing portal hypertension. Bleeding
esophageal varices is the most significant manifestation of portal hypertension and carries a
very high mortality rate. Several studies have shown the feasibility and utility of MRE in
prediction of esophageal varices, either with LSM or spleen stiffness measurements [73, 74].
Both LSM and spleen stiffness have been shown to have high accuracy in predicting
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esophageal varices [75-77], and spleen stiffness has been shown to be more predictive of
severe, high risk or clinically significant esophageal varices [74, 78]. For practical purposes,
a high LSM, particularly > 5 kPa, is associated with increased risk of portal hypertension
and esophageal varices.

Prediction of decompensation

Decompensation in patients with advanced liver fibrosis can also be predicted with MRE.
Asrani et al. demonstrated in a population of chronic hepatitis C patients that a baseline
LSM = 5.8 kPa had a higher risk of decompensation (Hazards ratio 4.96) [79]. Similarly,
Eaton et al. showed that LSM = 6 kPa had a high risk for hepatic decompensation in patients
with primary sclerosing cholangitis [52] Lee et al., in a 217 patient population with multiple
etiologies for CLD but predominantly (75%) hepatitis B or C, showed that LSM was
significantly associated with decompensation and overall survival [68]. Further, it has been
shown that a single LSM with MRE and changes in LSM over time are independently
associated with hepatic decompensation in patients with PSC [53]. Baseline LSM can,
therefore, be used for close monitoring of patients with advanced fibrosis who are at higher
risk of decompensation.

Nonalcoholic fatty liver disease (NAFLD)

NAFLD is the most common cause of CLD with increasing prevalence [80]. NAFLD is a
spectrum of disease with nonalcoholic fatty liver (NAFL) which carries no increased risk of
mortality at one end to nonalcoholic steatohepatitis (NASH) with increased risk of mortality
due to both liver-related and cardiovascular events at the other end of the spectrum [81, 82].
Distinction between NAFL and NASH would be of paramount importance for risk
stratification (Fig. 4). Similar to other CLD, liver fibrosis is also the single most important
feature that predicts outcome in NAFLD. Preliminary studies showed high sensitivity and
specificity for distinguishing NAFL from NASH, and NAFL from advanced fibrosis [46,
47]. In a prospective study, Loomba et al. suggested that a cutoff value of 3.26 kPa for
discriminating NASH from NAFL which was similar to another study by Costa-Silva et al.,
who reported a cutoff of 3.2 kPa [48, 49]

In a meta-analysis including 9 studies and 232 patients with NAFLD, LSM cutoffs of 2.88,
3.54, 3.77 and 4.09 kPa discriminated fibrosis stages 1, 2, 3 and cirrhosis, respectively [23].
In a recent meta-analysis, the accuracy of MRE was 0.96 for diagnosis of advanced fibrosis
and 0.92 for diagnosis of cirrhosis with cutoff values of 3.62-4.8 kPa and 4.15-6.7 kPa,
respectively [10]. In a study comparing 2D-MRE and clinical prediction rules for NAFLD
for diagnosing advanced fibrosis, it was shown that 2D-MRE had significantly better
AUROC versus clinical prediction rules [83]. Research in utility of MRE in NAFLD will
continue as the prevalence of the disease increases and as newer methods of treatment may
emerge. Currently, the main utility of MRE in NAFLD is distinguishing NAFL from NASH
and in stratification of patients with advanced fibrosis from those with mild or no fibrosis for
management purposes.
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MRE in the pediatric population

MRE in liver

Advances

Hardware

MRE has been successfully utilized in the evaluation of CLD in chronic liver disease and its
application in the pediatric population and is expanding [84-86]. MRE technique is
reportedly successful in pediatric and young adults [87]. While normal liver stiffness values
are shown to be lower in pediatric subjects compared to adults, a recent study with children
showed that liver stiffness was higher than expected, suggesting clarification in future
studies [88, 89].

transplants

Liver transplants are at risk of recurrence of CLD, such as viral hepatitis, autoimmune liver
diseases and NAFLD. MRE can be performed on the liver grafts (Fig. 5), however, it should
be avoided in the immediate post-transplantation period [90]. The immediate post-
transplantation period may be accompanied by edema, congestion and inflammation, which
can result in increased liver stiffness. MRE is very useful for detection of recurrence of
fibrosis in the graft [91-93]. MRE can also be used in the evaluation of potential donors for
detection of occult fibrosis [90].

in liver MRE

A consistent and good contact between the passive driver and the patient is necessary for
better transmission of acoustic vibrations to obtain high-quality elastograms. To further
improve the patient experience during the scan, a rectangular flexible and soft pneumatic
driver has been developed recently (Fig. 6) [94]. Compared to the conventional round rigid
driver, the flexible and soft driver can cover more of the liver, which enables the propagation
of more uniform shear waves and, potentially, improves the liver stiffness estimation
accuracy [66]. A recent study showed similar LSM obtained with the new driver compared
to a conventional driver in a normal healthy volunteer population [95]. A smaller,
rectangular driver made of similar material can be used in the pediatric population. An
implementation of multiple acoustic drivers can further improve accessibility of MRE
assessment for many other abdominal organs, such as spleen and kidney, which could be
affected in the development of chronic liver diseases.

MRE sequence

Several advances have been made in the MRE sequence to improve technical success and to
address limitations. First, the duration of breath hold for MRE has been significantly
shortened to about 11-12 s for each slice which improves patient comfort as well. The
conventional MRE should be performed under breath holds at the end of expiration, to avoid
respiratory motion artifacts [17, 18]. The acquisition time can also be reduced with the use
of parallel imaging and reduced k-space acquisition [96]. However, pediatric and sedated
patients may have difficulty performing adequate breath holds. A free-breathing MRE would
be useful in patients who have difficulty holding breath due to comorbidities. Studies have
shown similar results with free-breathing MRE, respiratory-navigated and conventional
breath hold MRE [96, 97]. A non-gated, free-breathing, single-shot, multi-slice 2D EPI-

Abdom Radiol (NY). Author manuscript; available in PMC 2021 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Idilman et al.

3D MRE

Page 9

MRE technique with a view-sharing-based reconstruction strategy [98], has been developed.
This free-breathing MRE can provide accurate liver stiffness measurements and comparable
repeatability, compared with conventional breath-held MRE [99]. Additionally, this non-gate
free-breathing MRE enables liver stiffness to be measured over respiratory cycles, which
may provide another mechanical parameter reflecting states of disease progression [100].

Spin-echo Echo-planar imaging MRE (SE-EPIMRE) with a rapid readout allows faster
acquisition, which can be utilized to obtain multiple sections in one breath hold. The time to
echo (TE) of the SE-EPI MRE is typically shorter than the conventional 2D GREMRE
sequence, which helps in higher liver parenchymal signal and results in better elastograms.
Several studies have shown excellent results with SE-EPIMRE, both in adults and in
children and young adults [84, 101], with many studies showing significant advantages of
SE-EPIMRE over 2D-GREMRE technique, particularly, higher technical success [42, 102].
A pooled meta-analysis showed equivalent performance of SE-EPIMRE and 2D-GREMRE
for detection and staging of liver fibrosis [103].

SE-EPI MRE is also useful in patients with mild iron overload of the liver due to its shorter
TE (Fig. 7). However, if the iron overload is severe, even SE-EPI MRE can also fail. In such
rare situations, alternative methods of assessment for liver fibrosis may be employed or
MRE can be attempted once liver iron overload is treated.

The conventional 2D MRE sequence is sensitized to detect motion in one plane (i.e.,
perpendicular to the axial plane) and works on the principle that shear waves are propagating
through the axial plane of acquisition. However, this assumption is not always true,
particularly in the regions of liver near the dome and inferiorly or further away from the
passive driver. The waves in these regions may be propagating oblique to the axial plane that
may lead to overestimation of the wavelength of shear waves. A three-dimensional MRE
sequence (3D MRE) sensitized to detect motion in all three planes can correct for obliquity
of waves. 3D MRE sequence is usually spin echo (SE)-based and allows for a large volume
of liver to be evaluated with a few breathholds. The number of slices typically ranges from
32 to 40. As the 3D MRE sequence corrects for obliquity of the waves, the LSM obtained
may be slightly lower than those obtained with conventional sequence [104]. Studies have
shown a better diagnostic performance of 3D MRE and lower failure rate [50].

Multi-parametric MRE

Some investigations demonstrated the feasibility of multi-parametric MRE, which provides
multiple mechanical properties that may be sensitive to different pathophysiologic processes
[105-114]. Besides well-accepted shear stiffness that is associated with fibrosis, the
dispersions of shear wave velocity and attenuation were found to be associated with the
degree of steatosis [115]. Yin et al. found the damping ratio and the loss modulus increase
significantly at the early onset of liver injury or necroinflammation [116]. The slip interface
imaging that provides information about boundary conditions of the focal lesions may be
used to predict interface adhesiveness and invasiveness of liver tumor [117].
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In one study of NAFLD cohort undergoing bariatric surgery, Allen et al. demonstrated that
parameters obtained with multifrequency 3D MRE can provide imaging biomarkers for
NASH diagnosis and monitoring. Combining fat fraction obtained with proton density fat
fraction (PDFF) estimation with damping ratio at 40 Hz and shear stiffness at 60 Hz
correlated best with NASH activity and could predict early NASH activity [118]. They used
a predictive model using shear stiffness, damping ratio and MRI-PDFF (Fig. 8). In a follow-
up study, the same investigators showed that multi-parametric MRE improves detection of
NASH regression following bariatric surgery [119].

Incorporating augmented human intelligence and deep learning

Emerging

Advantages of MRE over other elastographic techniques include the ability to evaluate the
entire liver parenchyma, and standardization across manufacturer platforms (GE, Siemens,
and Philips) and field strength (1.5T and 3.0T), since the vast majority of MRE hardware
and software currently comes from a single company (Resoundant, Inc., Rochester, MN)To
minimize the inter-observer variation and release radiologists from manual analysis, a fully
automated segmentation algorithm, automated liver elasticity calculation (ALEC), has been
developed for liver stiffness measurement (Fig. 9). ALEC has been demonstrated to be
highly consistent with the manual measurements in both 2D MRE and 3D MRE [120, 121].
Although ALEC is currently used in only one major institution, it is expected to be available
for use at other institutes, soon.

Neural network inversion may be applied to inversion algorithms that convert the shear wave
data into stiffness maps for improving accuracy and resolution [122]. This work is promising
for accurate characterization of focal liver lesions.

applications of liver MRE

Several pathological processes can increase liver stiffness and therefore confound the
detection of liver fibrosis in CLD. These include passive vascular congestion, inflammation
and portal hypertension. The current standard MRE may not be able to differentiate these
processes, but still provides valuable information on the effect on liver stiffhess.

Congestive hepatopathy

Passive venous congestion due to increased central venous pressure leads to congestive
hepatopathy. Congestive hepatopathy can result from different etiologies including
congestive cardiac failure from any cause, congenital cardiac anomalies, tricuspid
regurgitation, constrictive pericarditis, and hepatic venous obstruction including Budd-Chiari
syndrome. Chronic congestion finally leads to cirrhosis if severe and long standing. The
congestion causes increase in liver stiffness and result in abnormally elevated LSM, and the
increase in LSM is also related to the duration of the disease. Due attention needs to be paid
to the presence of congestion and avoid false interpretation of elevated LSM as liver fibrosis.
In these situations, a comprehensive MRI + MRE provides valuable clues for the presence of
other causes (congestion, inflammation, biliary obstruction) and should be interpreted by
considering the clinical information and liver function test results. Patients with congenital
single ventricle disease have been treated successfully with Fontan surgery. However post-
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Fontan, these patients develop venous congestion termed as Fontan-associated liver disease
(FALD). FALD leads to increased liver stiffness that can be detected by MRE (Fig. 10) and
the increased liver stiffness is related to duration of FALD [86, 123]. An inverse relationship
exists between LSM and cardiac index [86, 124]. In one study, Poterucha et al. showed that
mean LSM was higher in patients with malignant nodules compared to those with benign
nodules [124, 125]. Liver stiffness was independently associated with central venous
pressure [126] and a LSM > 4 kPa was associated with central venous pressure > 14 mmHg
[127]. LSM also correlates with MELD score in FALD and congestive hepatic fibrosis score
[127, 128]. A LSM > 5 kPa is associated with bridging fibrosis and cirrhosis [127]. MRE is
also useful in follow up of FALD. Increased LSM may serve as a global imaging biomarker
of FALD and an annual increase in LS of > 0.3 kPa was associated with increased morbidity
[128, 129].

Diffuse infiltrative disorders

Infiltrative disorders can lead to increased liver stiffness secondary to the effect of deposition
(e.g., amyloidosis) or associated fibrotic changes (e.g., Gaucher’s disease). MRE may be
clinically indicated in these patients for suspected liver fibrosis due to abnormal liver
function tests. The increased LSM should be carefully interpreted as the stiffness need not
represent fibrosis. In amyloidosis, deposition of amyloid fibrils in the perisinusoidal space
may increase liver stiffness and a correlation between LSM and degree of liver dysfunction
has been reported [130]. Storage disorders like Gaucher’s may result in liver fibrosis and
MRE may be useful in monitoring the progress of liver fibrosis [131]. A recent study by
Serai et al. showed that LSM correlates with disease severity scoring system in Gaucher
disease type 1 patients [132]. More studies are required to establish the role of MRE in
evaluation of these disorders. In clinical practice, abnormally high LSM in an otherwise
morphologically normal liver or enlarged liver with no CLD and cardiac disease should raise
suspicion for infiltrative etiology.

Differentiate non-cirrhotic portal hypertension from cirrhotic portal hypertension

Non-cirrhotic portal hypertension (NCPH) can result from extrahepatic causes including
portal vein and splenic vein thrombosis or a hepatic cause, like nodular regenerative
hyperplasia (NRH). Clinically differentiating NCPH from cirrhotic portal hypertension
(CPH) can be difficult, especially when patients present late in the course of the disease.
Often, the liver is dysmorphic due to redistributed portal flow leading to regions of
hypertrophy and atrophy simulating cirrhosis. However, in the early stages, the liver
morphology is usually normal and liver stiffness is not significantly elevated (Fig. 11). MRE
demonstrates significantly lower LSM in these patients as compared to CPH [133, 134],
however, the liver stiffness may still be above normal [135]. Measuring spleen stiffness and
computing spleen stiffness to liver stiffness ratio may also be helpful [133, 134]. Absence of
risk factor for chronic liver disease, preserved liver function and mild to moderately elevated
LSM (< 5 kPa) is useful information to suspect NCPH.
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MRE in clinical trials for treatment response

MRE may provide the much-needed non-invasive alternative for assessment of treatment
response in clinical trials. Several trials in NAFLD have used MRE-derived liver stiffness
combined with PDFF as surrogate end points [136-139].

Other applications

MRE-derived LSM represents fibrosis burden and can be used as a surrogate for liver
function. Baseline LSM has been shown to predict functional hepatic failure following
partial hepatectomy and stereotactic body radiation therapy [140, 141]. This pretreatment
information may be useful in planning treatment methods and close follow up of patients
who will be at higher risk of decompensation

Summary and conclusions

Liver MRE is currently considered the most accurate non-invasive technique for detection
and staging of liver fibrosis. The utility of MRE in chronic liver disease from various
etiologies has been established. Improvements in technique have made MRE faster and more
comfortable for patients with increasing applications in the pediatric population. Multiple
parameters from advanced MRE sequences provide for characterization of different chronic
liver diseases, and an opportunity for earlier detection of disease and in the follow-up
assessment. Newer clinical applications continue to emerge in this dynamic and exciting
field of elastography Table 4.
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Fig. 1.
LSM measurement. Examples of NAFLD with simple steatosis only (top row) and primary

sclerosing cholangitis (bottom row). TIW images (a, d), color stiffness maps with 0 to 8 kPa
scale (b, e), and with confidence map overlayed (c, f). The dotted outline represents the free-
hand ROIs draw within the confidence map and including most the liver parenchyma. Note
there are regions of different stiffness (white arrows in (c) and black arrows in (f))
particularly in advanced fibrosis and should always be included within the ROI to perform
evaluation of liver fibrosis burden. ROI should exclude artifacts and drawn within the
confidence maps
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Fig. 2.

M??E in primary sclerosing cholangitis. MRE stiffness map (a) with corresponding level
T2W (b), DWI (c), arterial phase (d), portal venous phase (¢) and delayed phase (f) images
showing heterogeneous stiffness in the liver with a large central macroregenerative nodule
(*) which has lower stiffness compared to the peripheral fibrotic liver. The ROI (dotted
white line, a) for LSM as shown should include macrore-generative nodule for assessment
of overall liver fibrosis burden
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Fig. 3.
MRE of liver before and after antiviral treatment for chronic hepatitis C. Baseline (top row)

and follow up (bottom row) stiffness maps (a, ¢) and T2W images (b, d) at similar levels.
Baseline stiffness was 6.2 kPa and follow up stiffness was 2.6 kPa. Note there are no
significant changes in the morphology of the liver on the T2W images
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2.2kPa

Fig. 4.
Examples of simple steatosis (top row), nonalcoholic steatohepatitis (NASH, middle row)

and NASH with cirrhosis (bottom row). In phase images (a, d, g) and opposed phase images
(b, e, h) and color stiffness maps (c, f, 1) with 0 to 8 kPa scale. NASH causes increased
stiffness in the liver compared to simple steatosis alone. NASH with cirrhosis has much
higher stiffness compared with NASH alone
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Fig. 5.
MRE of liver graft. Transplantation done for chronic hepatitis C cirrhosis and

decompensation. Portal venous phase T1W image (a) and stiffness map (b) at same level.
The graft has normal liver stiffness of 2.1 kPa at 18 months post transplantation. Note
splenomegaly and varices due to portal hypertension prior to the transplantation
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Fig. 6.
Photograph showing the standard rigid circular driver with a vibrating diaphragm (a) and

new flexible rectangular soft driver (b) which is wider than the standard driver
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Fig. 7.
MRE in a patient with mild to moderate liver iron overload. Top row images are from 2D-

GRE MRE sequence and bottom row images are from SE-EPIMRE sequence. The liver
appears hypointense on magnitude image (a) with no visible shear waves on phase contrast
image (b) and confidence map completely masks out the entire abdomen on the stiffness
map ©. Magnitude image (d) shows better signal in liver parenchyma, shear waves are
visible on the phase contras t image (e) and LSM is measurable with significant region of
liver uncovered on the stiffness map (f)
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Fig. 8.

E)?amples of imaging analyses and predicted probabilities of NASH and NAS from 3 study
patients. The three imaging parameters included in the predictive model are multifrequency
3D-MRE (mf 3D-MRE) depiction of shear stiffness, damping ratio (DR), and MRI-PDFF
depiction of fat fraction. The horizontal boxes illustrate the NAS values ranging from 0O to 8.
The shaded part of the boxes represents the predicted range of NAS, which were derived
from the regression model as the highest probabilities within the 68% CI. In patient A, who
by histology does not have NASH and whose NAS = 0, the logistic regression model using
imaging parameters predicted a 15% probability of NASH and a predicted NAS = 0-1.
Patient B, with histologic NASH and NAS = 3, has a predicted probability of 60% for
NASH and a predicted NAS = 3-4. Finally, patient C, with histologic NASH and NAS = 6,
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has a 98% predicted probability of NASH and a predicted NAS = 5-6. (Reproduced with
permission from reference [114])
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Slice 1: 1.95 Slice 2: 1.88 Slice 3: 1.85 Slice 4: 1.95
Liver Stiffness (kPa): Stiff Range (kPa): Volume (cm”3):
1.9 1.85-1.95 168.2
Fig. 9.

Output from automated liver elasticity calculation (ALEC) in a patient normal liver stiffness.
Note the ROIs are drawn in the right lobe avoiding liver edges and major vessels. These
ROls are copy pasted automatically on to stiffness map to give the mean stiffness. The
stiffness is averaged per pixel. The volume of the liver included in the ROl is also included
in the output
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Fig. 10.
MRE in congestive hepatopathy due to Fontan operation for congenital single ventricle.

MRE stiffness map (a) with T2W (b) at higher level and T2W at corresponding level (c),
arterial phase (d), portal venous phase (e) and delayed phase (f) images showing
heterogeneous stiffness distribution in the liver due to congestive hepatopathy. Note the
patchy areas of increased stiffness in the periphery (white arrows, a) in periphery of the liver
parenchyma corresponding to the areas of congestion. The congested areas are seen as areas
of early arterial phase enhancement and persistent enhancement in delayed phase. The ROI
(white dotted line, a for LSM should include these peripheral regions. During follow up
similar measurement should be made for consistency and meaningful interpretation of
changes
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Fig. 11.
Non-cirrhotic portal hypertension (NCPH) due to chronic portal vein thrombosis. MRE

stiffness map (&), post contrast enhanced portal venous phase axial (b) and coronal (¢) T1W
images. There is mildly elevated liver stiffness (a) but very stiff spleen (arrow, a). Caudate
hypertrophy, gastroesophageal and perigastric collaterals (arrows, b), pericholedochal
collaterals (arrow, ¢) and splenomegaly (*) can be interpreted as cirrhosis with portal
hypertension. However, liver stiffness is only mildly elevated to 2.6 kPa. NCPH should
always be suspected in patients with mild to moderate liver stiffness but increased spleen
stiffness on MRE and signs of portal hypertension on routine liver MRI imaging
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