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Abstract

Purpose of Review The dramatic increase in nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH)
fostered the development and evaluation of non-invasive, imaging based methods for diagnosing NAFLD, NASH, and its
complications. We herein review different radiologic modalities in diagnosing steatosis, fibrosis, and liver cirrhosis.

Recent Findings While routine abdominal ultrasound with hyperechogenic liver structure only detects moderate to severe
steatosis, controlled attenuation parameter (CAP), magnetic resonance spectroscopy (MRS), and, especially, MRI-proton density
fat fraction (MRI-PDFF) are more sensitive to diagnose and quantify steatosis. MRI-PDFF appears suitable to monitor treatment-
related changes in liver fat in clinical trials. Liver fibrosis is related to hepatic and extrahepatic morbidity and mortality in
NAFLD. Fibrosis and cirrhosis can be suspected by ultrasound-based elastography techniques (vibration-controlled transient
elastography, VCTE; acoustic resonance forced impulse imaging, ARFI; shear wave elastography, SWE), which may be used to
screen for fibrosis in high-risk patients. MR elastography (MRE) appears advantageous to quantify and stage fibrosis, while
angiographic hepatic venous pressure gradient (HVPG) measurement can confirm portal hypertension in cirrhosis. Screening for
hepatocellular carcinoma (HCC) in cirrhotic livers is done by ultrasound; suspicious nodules are followed by multiphasic CT/
MRI, contrast-enhanced ultrasound (CEUS), or contrast-enhanced MRI.

Summary Different radiologic modalities exist to screen, diagnose, stage, and monitor steatosis, steatohepatitis, fibrosis, and
HCC, thereby complementing liver biopsy and blood biomarkers in the management of patients with NAFLD.

Keywords Steatosis - NAFLD - Imaging - Radiology - Fibroscan - MRI - Fibrosis

Introduction: Challenges in Diagnosing
and Staging Fatty Liver Disease

Nonalcoholic fatty liver disease (NAFLD) has become the
major etiology of chronic liver diseases worldwide, affecting
20-30% of the adult population in large parts of the world [1].
The magnitude of affected patients as well as the increasing

This article is part of the Topical Collection on Fatty Liver Disease

< Ralf Weiskirchen
rweiskirchen @ukaachen.de

P4 Frank Tacke
frank.tacke @ gmx.net

Institute of Molecular Pathobiochemistry, Experimental Gene
Therapy and Clinical Chemistry, RWTH University Hospital
Aachen, Pauwelsstrasse 30, 52074 Aachen, Germany

Department of Medicine III, RWTH University Hospital Aachen,
Pauwelsstrasse 30, 52074 Aachen, Germany

@ Springer

prevalence of interrelated metabolic comorbidities (e.g., type
2 diabetes, obesity, metabolic syndrome) will soon make
NAFLD the leading cause of liver cirthosis and hepatocellular
carcinoma (HCC) and the prime indication for liver transplan-
tation [2]. For the next 15 years, a modest increase in NAFLD
cases, but a dramatic increase in liver mortality and advanced
liver disease, is being projected for large countries in Europe,
Asia, and the Americas [3]. However, unlike for other typical
chronic liver diseases, only a minor fraction of patients affect-
ed by NAFLD will progress to liver-related complications. In
fact, the number one cause of death in NAFLD patients relates
to cardiovascular diseases, followed by cancer and liver cir-
rhosis [1]. This picture is different for the subgroup of
NAFLD patients with nonalcoholic steatohepatitis (NASH)
and/or liver fibrosis, as liver-related complications dramatical-
ly increase in the presence of advanced fibrosis [4¢]. Thus,
early diagnosis; accurate staging of the disease, especially of
hepatic fibrosis; and prognostication are essential for the man-
agement of NAFLD [See, 6].
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The current gold standard for an accurate grading and stag-
ing of NAFLD is the histological evaluation of a liver biopsy
[7<]. However, the procedure is invasive; relatively costly;
associated with relevant risks like pain, infections, and bleed-
ing; may not be representative for the whole organ (due to the
small sample size); and has a high inter-observer variability
[8]. Due to these limitations, it is simply impossible to apply
liver biopsy as a screening method for millions of asymptom-
atic individuals at risk for NAFLD. It also appears unlikely to
use liver histology to monitor changes in fibrosis stage over
time, because this would require repeated biopsies. Imaging
techniques have therefore emerged as attractive methods to
assess steatosis, steatohepatitis, fibrosis, cirrhosis, or liver can-
cer [7¢, 9, 10]. In this review, we will provide an overview on
non-invasive, imaging-based methods for diagnosing
NAFLD, NASH, fibrosis, and complications. Nonetheless,
we would like to emphasize that radiologic modalities repre-
sent only one part of the assessment of patients with suspected
or confirmed NAFLD. The diagnostic and prognostic value of
imaging can be greatly enhanced, if findings are combined
with clinical risk assessment, disease biomarkers, and genetic
predisposition [7¢].

Radiologic Modalities for Diagnosing
Steatosis

Ultrasound

Ultrasound also called sonography uses high-frequency
waves, which are higher than the upper audible limit of human
hearing. Ultrasound imaging has the ability to provide real-
time images with frame rates exceeding several hundred
frames per second. Therefore, this technique is suitable to
view anatomical changes as well as to guide minimal invasive
procedures [11]. Ultrasound imaging systems have been wide-
ly used in the world since the 1960s, and compact systems
were available since the early 2000s, while wireless table PC-
controllable ultrasound imaging systems were introduced in
the early 2010s [12]. These systems are presently used in
many clinical applications as a low-cost, portable, and non-
invasive imaging modality. In particular, the development of
methods for free-hand ultrasound imaging in the 3D domain
was a highly innovative step in diagnosis. These systems al-
low 3D visualization of the entire structure of an organ and its
attributes, and they are orientation-independent, less depen-
dent on an operator, are characterized by high accuracy and
repeatability, and can be fused with other 3D imaging modal-
ities [13]. In a typical ultrasound exam, a transducer (i.e.,
probe) is placed on the skin coated with a thin layer of gel
allowing the ultrasound waves to transmit from the transducer
through the gel into the body. The final ultrasound image is
then produced by information resulting from the reflection of

the waves, the strength of their amplitude, and the time nec-
essary to take the waves through the body. Although this tech-
nology is generally considered safe when appropriately con-
ducted by trained health care providers, there are reports avail-
able stating ultrasound energy has the potential to produce
unwanted biological effects on the body. These include a
slight heating of the tissue analyzed, ultrasound cavitation,
production of small pockets of gas in the body fluids, mechan-
ical stress, or other undetermined non-thermal processes [14].

Historically, the first paper using ultrasound in diagnosis of
hepatic steatosis and steatohepatitis in patients with alcoholic
liver disease appeared in 1981 [15]. In this pioneering study,
the authors showed that ultrasound is useful in detecting dif-
fuse parenchymal alterations of the liver in patients with
alcohol-related disease. More recent studies showed that the
performance of ultrasound imaging in respective diseases is
relatively good, while the sensitivity of this technique is con-
siderably lower when the overall content of hepatic steatosis is
lower than 5-20% [16—18]. In particular, the sensitivity and
specificity in patients with steatosis exceeding 30% of the
hepatocytes were determined to be 92.3 and 77.7%, respec-
tively [19]. Using this imaging technique, it turned out that the
prevalence of NAFLD and NASH is significantly higher in
the general population than generally assumed [17]. For in-
stance, 29.9% of the general population displayed a
hyperechogenic liver pattern (“steatosis”) by ultrasound in a
population-based study in Germany [20]. Therefore, several
investigators have proposed ultrasound as the first-line diag-
nostic test in patients with abnormal liver enzymes, including
NAFLD patients, and begun to evaluate the potential utility of
ultrasound for quantifying hepatic steatosis [21]. A comple-
mentary technical advance is contrast-enhanced ultrasound
(CEUS), which allows characterizing intrahepatic lesions
and the hepatic microcirculation. CEUS applications have
consolidated and grown in their application in clinical routine
for liver pathologies [22]. However, coexisting conditions
such as hepatitis C and other chronic liver diseases have been
shown to reduce the sensitivity of ultrasound imaging [23]. In
addition, ultrasound-based tests are limited when used in pa-
tients suffering from obesity, ascites, or acute inflammation,
due to the restricted penetration depth and other technical
issues [24].

Controlled Attenuation Parameter

Controlled attenuation parameter (CAP) is a physical param-
eter based on the ultrasonic properties of the radiofrequency
back-propagated signals acquired by the FibroScan® device
[25]. The FibroScan® that will be discussed later in this re-
view represents an ultrasound-based vibration-controlled tran-
sient elastography (VCTE) device used to asses liver elasticity
[26]. Integrated as a software module in FibroScan®, CAP
was developed to specifically target the liver. It can be
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performed by an operator, who does not have any ultrasound
imaging skills [25]. Moreover, the implementation of CAP on
FibroScan® allows the detection of hepatic steatosis from
10% of fatty hepatocyte degeneration, without being influ-
enced by liver fibrosis or cirrhosis. This fact is important in
clinical practice, because 10% of fatty hepatocytes in the liver
represents a critical threshold that is of diagnostic and prog-
nostic significance in NASH patients, in which the diagnosis
of steatosis is made when lipid content in the liver exceeds 5—
10% by weight [27]. Typically, the attenuation of ultrasound
signals is determined at the center frequency of the
FibroScan® M probe at 3.5 MHz, and the output values are
given in decibel per meter [28]. Although exact cutoff values
are presently not defined, the values used for adults in many
studies for distinct grades for liver steatosis defined by biopsy
given in SO-S3 (with SO: no steatosis, S1: > 10% hepatocytes
with fat, S2: >33% hepatocytes with fat, S3: > 66% hepato-
cytes with fat) are in the range of 214-289 dB/m (S1), 255—
311 dB/m (S2), and 281-310 dB/m (S3), respectively [28]. In
a large individual patient data meta-analysis, CAP values (in
dB/m) were influenced by several covariates like disease eti-
ology, diabetes, and obesity, and correction factors have been
proposed for these conditions [29¢]. A comparable CAP
threshold of 225 dB/m for steatosis in children was proposed
in a cross-sectional study analyzing 69 young patients (mean
age, 16.0 +£2.9 years, 62% male) undergoing liver biopsy as
part of standard clinical care [30].

Quantification of steatosis by CAP was first introduced
and evaluated in 2010 in a collective of 115 patients [25].
This pioneering study showed a significant correlation of
CAP and steatosis with the area under receiver operative
characteristic curve (AUROC) that was equal to 0.91 and
0.95 for the detection of more than 10% or 33% of
steatosis. A later meta-analysis revealed AUROC values
of 0.823 and 0.865, respectively [29]. This methodology
is potentially less influenced by sampling error than the
“gold standard” liver biopsy, because it explores a liver
volume approximately 100 times larger. In a prospective
study based on 5323 examinations, CAP values were sig-
nificantly associated with all parameters of metabolic syn-
drome and with alcohol abuse, suggesting that this method
might be particularly useful for the follow-up of NAFLD
or alcoholic patients [31]. Likewise, in a more recent pro-
spective cross-sectional study, including 119 adults with
and without NAFLD who underwent MRI-based fat quan-
tification (MRI-PDFF) (see below) and CAP, the optimal
threshold of CAP for the presence of hepatic steatosis, as
defined by a MRI-PDFF equal or larger 5%, was deter-
mined to be 288 dB/m [32]. However, it should be critical-
ly mentioned that liver stiffness and CAP increases after a
meal across all stages of fibrosis, which might be a poten-
tial diagnostic pitfall and pose a risk in misclassification of
patients with higher stages of fibrosis [33].
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MRI-Based Fat Quantification

Magnetic resonance imaging (MRI) is a non-invasive technol-
ogy producing detailed 3D soft tissue contrast images of high
spatial resolution without the use of radiation [34]. Principally,
the MRI scanner first forms a powerful magnetic field around
the area to be imaged provoking a polarization of hydrogen
nuclei of water in order to be polarized in the direction of the
magnetic field. Thereafter, a radiofrequency is pulsed through
the patients, resulting in stimulation of protons within the tis-
sue. These protons then spin out of equilibrium and strain
against the pull of the magnetic field. After deactivation of
the radiofrequency, a sensor detects the energy released as
the protons realign with the magnetic field. Based on the time
used for realignment and amount of energy released, the
chemical nature and environment of individual molecules
can be determined [35]. To generate images with different
contrast, the relaxation properties of the hydrogen atoms can
be varied by setting of different pulse sequences. However,
when the images are acquired with high resolution, the imag-
ing time can significantly increase, limiting the number of
subjects that can be examined daily [36]. The main consider-
ations of image quality are signal-to-noise ratio, spatial reso-
lution, and scan time [35]. Intravenous-administered
gadolinium(IIl)-based contrast agents shortening the time nec-
essary to realign the protons with the magnetic field can be
administered to acquire an enhanced and clearer picture of the
area being imaged and improving the overall visibility of in-
ternal body structures [37].

Similar to ultrasound, MRI scans do not require or emit
ionizing radiation occurring in X-ray or computed tomogra-
phy (CT) imaging. However, the strong and static magnetic
field that changes with time during MRI could lead to margin-
al heating of the body, produce loud knocking noises and
attract all kind of magnetic particles (mobile phones, keys,
coins etc.), and cause damage to the MRI device. In addition,
patients suffering from claustrophobia require special care
through the whole examination, while patients with metallic
implants or external medical devices are generally unsuitable
to MRI scans. Gadolinium-based contrast agents have been
found to remain in the body after multiple MRIs, might pass
the blood-brain barrier, and their small traces of free forms of
these agents are assumed to be toxic. In particular, physiolog-
ical changes and the integrity and developmental stage of the
organs have a strong effect on the dynamics, distribution, and
excretion, which may be responsible for Gadolinium contrast
agent deposition and toxicity leading to nephrogenic systemic
fibrosis and alteration in calcium homeostasis [38]. In addition
to these health considerations, it should be mentioned that
Gadolinium-based contrast agents are predominantly removed
renally without metabolization, thereby posing an environ-
mental risk for aquatic environments [39]. Furthermore, con-
ventional MRI primarily allows only the detection of protons
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in mobile (unbound) molecules limiting detection of mole-
cules fixed in structures.

Differential electronic shielding of water-bound and
triglyceride-bound protons provokes local magnetic field in-
homogeneity and subsequent differences in the MR resonant
frequency of respective protons. This chemical shift or preces-
sional difference between hydrogen in fat and hydrogen in
water can be exploited by emerging chemical shift-encoded
MRI (CSE-MRI). This methodology provides the basis for a
special type of MRI, allowing the accurate measurement of
the proton density fat fraction (PDFF). In respective measure-
ments, PDFF is expressed in an absolute percentage and de-
fined as the ratio of the density of mobile proteins from tri-
glycerides and the total density of protein from mobile triglyc-
erides and mobile water [40].

When comparing the diagnostic performance of MRI-
PDFF using a free-drawn region-of-interest measurement of
hepatic fat deposition with magnetic resonance spectroscopy
(MRS) as the reference method, it turned out that MRI-PDFF
is more accurate regarding hepatic fat deposition [41]. This
study further revealed that this methodology is particularly
useful when hepatic fat deposition is heterogeneous. In a more
recent study, comparing conventional ultrasonography signs of
hepatic steatosis and MRI-PDFF as a reference method, the
authors found a positive correlation between some combina-
tion of ultrasound signs and MRI-PDFF values [42]. A great
advantage of MRI-PDFF is the short time required for each
measurement. This was recently demonstrated in a prospective
study investigating 4949 participants (aged 45-73 years), in
which a single transverse slice was captured, through the center
of the liver superior to the porta hepatis. The acquisition of ten
echo times needed for PDFF image construction that were
taken during a single expiration breath-hold without given
any contrast agents typically took only <3 min and provided
information about liver fat content with an overall success rate
0f 96.4% with mean intra- and inter-reader correlations of 0.96
(SD=0.01) and 0.997 (SD=0.0001), respectively [43].
Moreover, a clear correlation of liver fat deposit and body mass
index (BMI) was identified in this study, which were > 20 kg/
m?, 0.98%; 20-25 kg/m?, 1.36%; 25-30 kg/m?, 2.54%; 30—
35 kg/m?, 4.39%; and < 35 kg/m?, 7.33%. This data suggests
BMI over a threshold 25 kg/m? is clinically useful to stratify
people for risk of fatty liver with a negative predictive value of
0.95. The authors were further able to prove by PDFF the fact
that the prevalence of high liver fat was approximately 1 in 3 in
the higher BMI population defined by a BMI > 30 kg/m?,
suggesting PDFF as a screening method for risk patients
[43]. MRI-PDFF-based quantifications of hepatic steatosis
showed a good agreement with simultaneous histological as-
sessment in prospective trials, including changes in steatosis
grade upon pharmacological treatment [44¢]. Thus, phase II
exploratory studies in NASH occasionally use changes in
MRI-PDFF measurements as an efficacy end point [32].

In sum, there are a number of radiologic modalities avail-
able for diagnosing steatosis in NAFLD and NASH patients.
Each methodology has advantages and disadvantages
(Table 1). Critical factors to be considered are patient’s con-
stitution and characteristics (BMI, coexisting conditions),
availability of the medical devices, numbers of patients to be
examined per day, and budget available for an examination.
Moreover, it is important to distinguish whether the method is
intended as a screening tool, to establish a diagnosis or to
monitor treatment responses.

Radiologic Modalities for Diagnosing Fibrosis
in NASH

Transient Elastography (FibroScan®), Shear-Wave
Elastography, and Other Ultrasound-Based
Elastography Techniques

The measurement of the stiffness of soft tissues, i.e., their
viscoelastic properties, may be directly related to the amount
of extracellular matrix, i.e., fibrosis [46]. The FibroScan®
introduced by Echosens SA (Paris, France) in 2005 works
by measuring shear wave velocity of a 50-MHz wave through
the liver, which is sent out from a small probe and measured
by a transducer. As a result, the operator is able to follow the
propagation and velocity of the shear wave (in meters per
second [m/s]) in real time. The obtained value is subsequently
quantitatively converted by an inversion algorithm into liver
stiffness given in kilopascals (kPa), representing a physical
parameter for liver’s resistance to deformation [47, 48].
Therefore, this technology is commonly called transient
elastography or vibration-controlled transient elastography
(VCTE). In a typical setup, the entire system is operated with
a computer controlling the low-frequency excitation, typically
ranging between 50 and 200 Hz, and the ultrasonic pulsed
echo mode sampled at 5 MHz [47, 48]. This non-invasive
and painless measurement is fast (~5—7 min/scan) and can
be performed as a point-of-care testing. Results are instanta-
neously available and highly repeatable, while side effects or
complications were not reported yet [49]. Once the scan has
been successfully completed, the degree of hepatic scarring is
immediately available. In a multicenter cross-sectional study,
AUROCs for advanced fibrosis (F3/4) were 0.831, while
VCTE values > 12 kPa (indicating F3/F4 fibrosis) were asso-
ciated with significantly reduced survival upon long-term fol-
low-up [50¢]. This technology has been used in Europe for
more than a decade now and was approved in April 2013 by
the US Food and Drug Administration [51]. Across different
etiologies of liver disease, VCTE is particularly suited to de-
tect cirrhosis by high stiffness, for which the method has spec-
ificities about 99% [52]. However, FibroScan® is not appli-
cable in all patients. In particular, the method has main
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Table 1 Pros and cons for selected radiologic modalities in diagnosing steatosis
Radiologic Advantages Disadvantages References
modality
Ultrasound Generally safe; no radiation exposure; widespread ~ Low sensitivity when steatosis is lower than 5-20%; [19, 22-24]
technique; low cost; high sensitivity (92.3%) in coexisting conditions (hepatitis C, obesity, ascites, or
patients with steatosis (>30%); acute inflammation) reduce the sensitivity; correct
contrast-enhanced ultrasound (CEUS) allows diagnosis by ultrasound (and CEUS) is strongly
qualitative and quantitative analysis of lesions; dependent on operator skills; method is subject to
suitable to view rapid anatomical changes and specific artifacts; technically more difficult in severe
guide minimal invasive procedures; obesity
orientation-independent; high accuracy and
repeatability; can be fused with other 3-D
imaging modalities
Controlled No radiation exposure; good correlation between Exact cutoff values are presently not defined; CAP [27, 28, 31-33,
attenuation CAP and steatosis, parameters of metabolic increases after a meal across all stages of fibrosis; 45]
parameter syndrome, and alcohol abuse; detection of limitation in patients with high BMI, ascites, and much
(CAP) hepatic steatosis (< 10%) without influence by visceral fat
fibrosis/cirrhosis; easy to perform; highly
reproducible; instantaneous results available;
inexpensive
MRI-based fat ~ Rapid examination (<3 min); allows accurate Image quality strongly depends on signal-to-noise ratio,  [35, 38, 43]
quantification measurement of fat deposit, even if hepatic fat spatial resolution, and scan time; if applied, potential
(MRI-PDFF) depositions are heterogeneous; good correlation Gadolinium deposition and toxicity (if applied during

to BMI; Gadolinium(III)-based contrast agents
are available allowing to acquire clear images of
imaged area; monitoring of treatment responses

examination); not applicable in claustrophobic patients
or patients with metallic implants; patient weight limit
dependent on the scanner type

has been suggested

drawbacks and limitations when testing patients suffering
from ascites, large amounts of chest wall fat, or in morbidly
obese patients [49].

Acoustic radiation force impulse elastography (ARFI) for
the non-invasive evaluation of hepatic fibrosis in NASH is
another sonographic technique, which was introduced by
Siemens (Siemens Healthineers, Mountain View, CA, USA).
In this method, the measuring beam passes over a standard-
ized region of interest (ROI) of the liver, and short-duration
acoustic pulses with each lasting less than 1 ms are subse-
quently generated in the vicinity of the designed ROI [53].
This in turn induces a mechanical excitation of the tissue,
resulting in tissue displacement and formation of a shear wave
away from the site of excitation, which correlates with the
elasticity of the tissue and is expressed in meters per seconds
[53]. The position of the echo is determined from the angular
position of the transducer, the transit time of the acoustical
pulse and its echo, while the resulting gray value of each pixel
(i.e., the brightness, B-mode) are displayed on a screen pro-
ducing a final image [53]. This method was first introduced in
2008 and tested in 20 human volunteers imaged inter-costally
to reconstruct the shear moduli of their livers and two volun-
teers in whom liver stiffness was reconstructed nine times over
a 105 day period to demonstrate the reproducibility of mea-
surements [54]. Most importantly, obesity (BMI <30 kg/mz)
or ascites are not considered obstacles in performing shear
modulus reconstructions [54, 55]. However, clinical evalua-
tions revealed a rather poor performance of ARFI as well as
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VCTE to detect fibrosis in morbidly obese patients (BMI >
35 kg/m?) [56].

High-resolution real-time tissue elastography (Hi-RTE) is
another diagnostic modality, which is promoted by Hitachi
(Hitachi Medical Systems, Tokyo, Japan) [57]. It is an imag-
ing technique to directly reveal the physical property of a
tissue with conventional ultrasound probes. The strain and
stress of the examined tissue is measured in real time to cal-
culate its elasticity. The final elastography is depicted as a
color-coded image over the conventional B-mode image,
and final results are given as a video clip or as single images.
Typically, blue-colored areas represent hardened tissue, while
areas depicted in red or green mark tissue with soft properties
[57]. A study analyzing 53 consecutive biopsy proven NASH
patients and 20 controls has suggested that RTE could be used
as a complementary imaging method to evaluate liver fibrosis
in NASH patients [58]. However, determining the stage of
liver fibrosis from RTE imaging is challenging, and therefore,
ambitions are made to develop sophisticated machine-
learning software tools as decision-support systems to im-
prove classification of hepatic fibrosis [59].

Shear wave elastography (SWE) or supersonic shear imag-
ing (SSI) is another ultrasound-based option for real-time vi-
sualization of soft tissue viscoelastic properties. The usage of
ultrasonic-focused beams allows to remotely generate me-
chanical vibration sources radiating low-frequency, shear
waves inside the tissues, which propagate through the tissue
and are progressively distorted by tissue heterogeneities [60].
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The information about the propagation stored in small video
clips provides information allowing extracting the elasticity of
the tissue. A meta-analysis has recently evaluated the diagnos-
tic performance of liver stiffness measurements with SSI for
the detection of liver fibrosis. In sum, the study showed that
this technique has an overall high diagnostic accuracy for liver
fibrosis with a technical success rate of 95.3% [61]. However,
data for SWE particularly supports its use for fibrosis detec-
tion in hepatitis B, while data in NAFLD patients are rather
limited at this time [62].

MR Elastography

Magnetic resonance elastography (MRE) can be considered as
an imaging-based counterpart to palpation. It obtains informa-
tion about the stiffness of a tissue by assessing the propagation
of mechanical waves through the tissue with a special mag-
netic resonance imaging technique [63]. Generation of shear
waves in the tissue, acquiring MR images depicting the prop-
agation of the induced shear waves, and processing of images
of the shear waves to generate quantitative maps of tissue
stiffness are the three essential steps in this technique [63].
There are a number of reports available, which successfully
applied MRE for detection of hepatic steatosis and fibrosis
[24]. The accuracy of 2D MRE was comprehensively demon-
strated in a study comparing the diagnostic utility of this meth-
od against eight clinical prediction rules, including the AST/
ALT ratio, APRI, BARD, FIB-4, NAFLD fibrosis score,
Bonacini cirrhosis discriminant score, Lok Index, and the
NASH clinical prediction rule [64]. The obtained data of this
study unequivocally showed higher accuracy of MRE than the
mentioned algorithms in the diagnosis of advanced fibrosis in
NAFLD patients. Moreover, MRE was found superior to
VCTE in identifying NAFLD patients with fibrosis in a pro-
spective study that compared both techniques, using histolog-
ical fibrosis stage as the reference [65¢]. This finding has been
recently confirmed in an individual patient data meta-analysis
comparing MRE and VCTE [66]. MRE has also shown high
accuracy in detecting significant hepatic fibrosis in children
with chronic liver disease, including severely obese patients
[67]. In a recent prospective study, the evaluation of MRE in
49 NFALD patients and 41 healthy controls revealed an area
under the ROC curve of MRE in discriminating healthy form
NAFLD individuals of 0.964 and a value of 0.928 for
distinguishing advanced (F3-F4) from absent/mild fibrosis
(FO-F2) [68].

Experimental Imaging Techniques

There are many experimental strategies to develop novel im-
aging strategies for NASH. Among these strategies, pragmatic
approaches attempt to combine different imaging techniques
to obtain a comprehensive picture. Multiparametric MRI

(LiverMultiScan, LMS) includes proton density fat fraction
(PDFF) to assess hepatic triglyceride content, the Liver
Inflammation and Fibrosis Score (LIF score) and liver iron
content [69]. This multiparametric MRI was found to be as-
sociated with clinical outcome in chronic liver diseases [69].
Similarly, DeMILI (detection of metabolic-induced liver inju-
ry) is a patented algorithm using two outputs (NASH-MRI
and FIBRO-MRI) based on optical analysis of images from
standard MR systems. Other experimental approaches evalu-
ate the use of molecular probes against extracellular matrix
proteins [10], such as probes against collagen [70] or elastin
[71] for MRI-based fibrosis detection.

Diffusion tensor imaging (DTI) is a sensitive MRI method
for characterizing the motion of molecular diffusion of water. In
an experimental study performed in Sprague-Dawley rats sub-
jected to repetitive dosing of carbon tetrachloride, this method
was suitable to demonstrate longitudinal alterations in apparent
diffusion coefficient of water and to provide microstructural
information in fibrotic liver tissue [72]. The authors of the
mentioned study suggested DTI as a valuable method for de-
tecting and characterizing liver fibrosis at early stages [72].
First human studies comparing HCC patients and healthy vol-
unteers testing performance parameters as well as intra- and
inter-session repeatability of this method are available [73, 74].

In sum, the determination of fibrosis in steatohepatitis and
steatosis is challenging. Several techniques and medical de-
vices have been introduced during the last decades, which
have their specific “Pros and Cons” (Table 2).

Radiologic Modalities for Diagnosing
Complications of Fibrotic NASH

NAFLD patients with advanced fibrosis (stages F3 and F4)
have a high risk for liver-related complications, such as de-
compensation of liver function, portal hypertension, and HCC
[4<]. The presence of cirrhosis can be suspected by several
routine-imaging methods like ultrasound, CT or MRI, due to
findings like a nodular liver surface, coarsened echotexture,
blunting of liver edges, and concomitant splenomegaly [82].
Non-invasive techniques that assess the elastic properties of
the liver (“liver stiffness”), like transient elastography, shear
wave elastography, acoustic radiation force impulse imaging,
or MR elastography, have a clear role for diagnosing cirrhosis
in NAFLD [7¢]. Nonetheless, cutoff values for liver stiffness
to diagnose cirrhosis are less well defined for NAFLD com-
pared to viral hepatitis, and obesity may impede the technical
accuracy of ultrasound-based elastography techniques [83].
Portal hypertension can be suspected in patients with high
values for transient elastography and low platelet counts, and
this may guide the subsequent management of the patients
such as the need for endoscopy to rule out esophageal varices
[84]. Definitive diagnosis of portal hypertension can be made
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Table 2 Pros and cons for selected radiologic modalities for diagnosing fibrosis in NASH

Radiologic modality

Advantages

Disadvantages References

Vibration-controlled
transient
elastography
(FibroScan®)

Acoustic radiation force
impulse elastography
(ARFI)

High-resolution
real-time tissue
elastography
(Hi-RTE)

Shear wave
elastography
(SWE)/supersonic
shear imaging (SSI)

Magnetic resonance
elastography (MRE)

Diffusion tensor
imaging (DTI)

Rapid (5-7 min) and painless examination;
point-of-care testing; easy setup; result
immediately available; high specificity in
cirrhotic patients; excellent intra- and
inter-operator reproducibility; user-friendly,
can be reliably performed by trained staff;
FDA approved instrumentation; no side
effects; established reference ranges available;
association with clinical outcome; suitable as
screening method

Rapid examination, by which results are
available after seconds; obesity (BMI < 30) or
ascites are not obstacles; good correlation with
elasticity of the tissue and liver biopsy; good
intra- and inter-operator reproducibility; visual
control during measurement; overall good
diagnostic performance; both liver lobes can
be analyzed; integration in classical ultrasound

Real-time measurement and calculation of
elasticity; appealing color-coded images easily
to interpret; good performance in NASH
patients; machine-learning software tool
available soon

Easy, rapid, painless, safe, and real-time
measurement; results immediately available;
overall high diagnostic accuracy for liver
fibrosis; highly reproducibility; integrated in
conventional ultrasound imaging systems; 2D
map output of measured area; region and
depth to be analyzed can be arbitrarily
specified; allows retrospective measurements

High diagnostic accuracy in adults and children;
reliable test to discriminate healthy from
NAFLD and advanced from absent/mild
fibrosis; measurement possible in all regions
of the liver; likely superior to ultrasound-based
elastography

Method to demonstrate longitudinal alterations in
hepatic water diffusion and to provide
microstructural information in fibrotic liver
tissue

Not possible/reliable in patients suffering
from ascites, large amounts of chest wall
fat, congestive heart failure, or in morbidly
obese patients; lack of visualization of
analyzed tissue area; although examination
are cheap, the instrument is rather
expensive; not fusible with imaging
modalities

[28, 49, 52, 75-77]

Measurement not in real time; only small
region analyzed; elasticity measurement
cannot be done retrospectively; no unique
reference ranges available; ARFI does not
correlate well with fibrosis on liver biopsy
in morbidly obese patients and is
influenced by BMI (>25 kg/m?), ascites,
and cirrhosis; not as widely distributed as
FibroScan®

Reference values in NAFLD less well
defined; confounding parameters less well
explored

[54, 55, 78-80]

[57-59, 81]

Little experience available; precise references
values are not ultimately defined;
confounding parameters less well explored

[61]

Rather expensive and complex technology; [64, 67, 68]
not applicable in claustrophobic patients or
patients with metallic implants; patient

weight limit dependent on the scanner type

Results are primarily established in
experimental models; evaluation in human
subjects ongoing

[72-74]

by the invasive angiographic procedure of measuring the he-
patic venous pressure gradient (HVPG), which is associated
with end points (e.g., risk for bleeding) in patients with liver
cirrhosis [85].

Another domain of radiologic modalities is the screening,
diagnosis, and staging of HCC. Patients with NAFLD have an
increased risk of HCC development, even in the absence of
liver cirrhosis. However, the role of imaging methods for
HCC surveillance in non-cirrhotic NAFLD patients is current-
ly not well established [86] and, therefore, not generally rec-
ommended [6]. Patients with liver cirrhosis, irrespective of the
underlying etiology, should undergo HCC surveillance [86,
87]. The American and European guidelines recommend ul-
trasound, with or without concomitant measurement of -

@ Springer

fetoprotein from blood, as the first-line screening method for
HCC in patients at high risk [86, 87]. In general, the sensitivity
of an expert ultrasound for HCC detection during screening is
around 60-80% with a specificity of more than 90% [88].
However, ultrasound has technical limitations due to the pen-
etration depth, especially in patients with morbid obesity.

In case of suspicious nodules in a fatty and/or cirrhotic
liver, multiphasic CT or MRI should be performed [87].
HCC can be confidently diagnosed by these imaging tech-
niques, if the tumor shows a typical intense contrast uptake
during the arterial phase followed by contrast washout during
the venous phases [89¢]. Alternatively, contrast-enhanced ul-
trasound may be used as well [86]. If a typical vascularization
pattern is detected by CT or MRI in nodules between 1 and
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Screening:
- Ultrasound

-—"

Screening:
Jitrasound

Fig. 1 Potential application of radiologic techniques in different stages of
NAFLD. In order to screen for steatosis, ultrasound and controlled
attenuation parameter (CAP) appear suitable, while liver fat
quantification for diagnostic purposes or clinical trials is more accurate
with magnetic resonance spectroscopy (MRS) and MRI-proton density
fat fraction (MRI-PDFF). Fibrosis and cirrhosis can be suspected by
ultrasound and ultrasound-based elastography techniques (transient

2 cm, the specificity for diagnosing HCC is close to 100%,
and the sensitivity can reach 71% [89¢]. Standardized
reporting and data collection of CT and MRI, such as the
Liver Imaging Reporting and Data System (LI-RADS) by
the American College of Radiology, further improve the diag-
nostic accuracy of interpreting nodules in cirrhotic and non-
cirrhotic liver [89¢]. Liver MR imaging has been further ad-
vanced by the use of extracellular or hepatobiliary contrast
agents (gadoxetic acid or gadobenate dimeglumine). The dy-
namic plus hepatobiliary phase with gadobenate
dimeglumine-enhanced MRI was superior to multiphasic CT
and ultrasound in diagnosing HCC [90]. Gadolinium-
ethoxybenzyl-diethylenetriamine pentaacetic acid (Gd-EOB-
DTPA) MRI and diffusion-weighted imaging appear excep-
tionally promising for detecting early HCC and high-grade
dysplastic nodules in patients with cirrhosis [91].
Nonetheless, it has to be emphasized that most radiologic
methods for detecting HCC have been developed and validat-
ed in non-NAFLD patients, leaving a degree of uncertainty to
whether their performance will be similarly good in steatotic
livers and/or obese patients.

Perspective

Due to its non-invasive nature, wide availability, and re-
cent technical advances, radiologic modalities have an

Screening:

~ Ultrasound

cirrhosis

elastography, TE; acoustic resonance forced impulse imaging, ARFI;
shear wave elastography, SWE). MR elastography (MRE) may quantify
fibrosis, and angiographic hepatic venous pressure gradient (HVPG)
measurement can confirm portal hypertension in cirrhosis. Screening
for hepatocellular carcinoma (HCC) in cirrhotic livers is done by
ultrasound; suspicious nodules are followed by multiphasic CT/MRI,
contrast-enhanced ultrasound (CEUS), or contrast-enhanced MRI

increasing relevance in screening, diagnosis, staging,
and prognostication of NAFLD. Different techniques ex-
ist that are capable of quite accurately quantifying
steatosis and fibrosis. It can be envisioned that simple
and fast techniques such as ultrasound, CAP, or
elastography may be implemented to screen for advanced
steatosis and fibrosis in clinical routine within the next
decade [9], while the more expensive and time-
consuming MRI-based methods may be restricted to indi-
viduals with suspected NAFLD after using a screening
test. Figure 1 summarizes the potential application of
the different techniques for screening or diagnostic pur-
poses in the different stages of NAFLD.

Several recent studies directly compared the diagnostic ac-
curacy of these various modalities. In a cross-sectional study
from Japan on 142 patients with biopsy-proven NAFLD, he-
patic steatosis grade >2 was identified by CAP with an
AUROC curve value of 0.73, while PDFF reached an
AUROC curve value of 0.90 (p < 0.001); similarly, MRE per-
formed superior to VCTE to identify patients with fibrosis
stage >2 in this cohorts (AUROC 0.82 vs. 0.91, p <0.001)
[92¢]. In a similar cross-sectional single-center study on 104
individuals performed in the USA, MRI-PDFF was superior
to CAP for the detection of any steatosis (AUROC 0.99 vs.
0.85, p=0.0091), while MRE was superior to VCTE in de-
tecting any fibrosis stage 1 or more (AUROC 0.82 vs. 0.67,
p=0.0116) [65°]. However, the diagnostic validity of these
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different methods in clinical routine of unselected, heteroge-
neous patient cohorts require further prospective evaluation.

Data from clinical trials in NASH also report important
changes in radiologic findings longitudinally, suggesting that
these techniques may be suitable as surrogates for clinical end
points. For instance, a relative reduction in liver fat on MRI-
PDFF by 29% had been associated with a histological im-
provement of NASH, defined as a 2-point reduction in the
NAFLD Activity Score [93]. Thus, radiologic techniques are
now being increasingly used as short-term read-out indicating
therapeutic efficacy in early clinical trials [32].

The further advances in radiologic techniques, standardiza-
tions of interpretation, and validated algorithms support the
expectation that imaging will remain and evolve as a corner-
stone in the management of patients with NAFLD.
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