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Abstract

The prevalence of nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) has increased rapidly
worldwide, making NAFLD/NASH an important global health problem from both a medical and socioeconomic standpoint.
NAFLD is also regarded as a liver component of metabolic syndrome and is reported to be associated with the risk factors
for metabolic syndrome. It has been suggested that NAFLD/NASH be recognized both as a liver-specific disease and as an
early mediator of systemic diseases. Liver biopsy is recommended as the gold standard method for the diagnosis of NASH
and for the staging of liver fibrosis in patients with NAFLD. However, because of its high cost, high risk, and high weight-
age as a healthcare resource, invasive liver biopsy is a poorly suited diagnostic test for such a highly prevalent condition.
Therefore, the development of reliable noninvasive methods for the assessment of liver fibrosis has been sought to estimate
the risk of progression of NASH to cirrhosis, estimate the risk of cardiovascular events, aid in the surveillance for HCC, and
guide therapy in patients with NAFLD/NASH. In this review, we highlight the principles and recent advances in ultrasound
elastography techniques (Real-time Tissue Elastography®, vibration-controlled transient elastography, point shear wave
elastography, and two-dimensional shear wave elastography) used to evaluate the liver fibrosis stage and steatosis grade in
patients with NAFLD.

Keywords NAFLD - NASH - Real-time tissue elastography - VCTE - Point shear wave elastography - 2D shear wave
elastography

Abbreviations LSM Liver stiffness measurement
AASLD  American Association for the Study of Liver NAFL Nonalcoholic fatty liver
Disease NAFLD  Nonalcoholic fatty liver disease
ALT ALANINE AMINOTRANSFERASE NAS NAFLD activity score
ARFI Acoustic radiation force impulse NASH Nonalcoholic steatohepatitis
BMI Body mass index pSWE Point shear wave elastography
CAP Controlled attenuation parameter ROI Region of interest
EASL European Association for the Study of the 2D-SWE Two-dimensional shear wave elastography
Liver T2DM Type 2 diabetes mellitus
FDA Food and Drug Administration US Ultrasonography
HCC Hepatocellular carcinoma VCTE Vibration-controlled transient elastography
ISG Japanese Society of Gastroenterology
kPa Kilopascal
Introduction
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nakajima-tky @umin.ac.jp The prevalence of nonalcoholic fatty liver disease (NAFLD)

and nonalcoholic steatohepatitis (NASH) has increased rap-
idly worldwide, along with increases in the prevalence of
obesity and type 2 diabetes mellitus (T2DM) [1, 2]. NASH,
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the progressive form of NAFLD, histologically characterized
by lobular inflammation and hepatocyte ballooning, is asso-
ciated with a more rapid progression to fibrosis, and affects
around 1.5-6% of the general population [1, 3]. NAFLD/
NASH is now recognized as the most common liver dis-
ease worldwide, and the global prevalence of NAFLD is
estimated at 25% of the world population, with geographi-
cal variability and the highest prevalence in the Middle
East and South America [1]. NAFLD/NASH often shows
the progression to cirrhosis, and patients with this disease
show a higher frequency of development of hepatocellular
carcinoma (HCC) [1, 4]. Thus, NAFLD/NASH represents
an important global health problem from both a medical and
socioeconomic standpoint.

Nonalcoholic fatty liver disease is also regarded as a liver
component of metabolic syndrome and is often associated
with the risk factors of metabolic syndrome, such as obesity,
T2DM, and dyslipidemia [5, 6]. Recently, a growing body
of evidence has been collected to support the notion that
NAFLD is both a liver-specific disease and an early media-
tor of systemic diseases. Notably, histological liver fibrosis
is recognized as the main predictor of the overall long-term
outcomes in patients with NAFLD, including the develop-
ment of cardiovascular disease and liver-related mortality
[7].

Liver biopsy is recommended as the gold standard method
for the diagnosis of NASH and the staging of liver fibrosis
in patients with NAFLD [8-10]. However, because of its
increased cost, high risk, and high weightage as a healthcare
resource, an invasive liver biopsy is a poorly suited diag-
nostic test for a condition with such a high prevalence as
NAFLD/NASH [11]. Therefore, the development of reliable
non-invasive methods for the assessment of liver fibrosis has
been sought to estimate the risk of progression of NASH
to cirrhosis, estimate the risk of cardiovascular events, aid
in the surveillance of HCC, and guide therapy in patients
with NAFLD/NASH. In this review, we highlight the recent
advances in ultrasound elastography techniques to evaluate
the liver fibrosis stage and steatosis grade in patients with
NAFLD.

Present issues in the diagnosis of NASH

NASH is defined histologically by the presence of hepatic
steatosis and inflammation with hepatocyte injury (hepato-
cyte ballooning), with or without fibrosis [9, 10]. At present,
liver biopsy is recognized as the only procedure that allows
reliable differentiation of nonalcoholic fatty liver (NAFL)
from NASH [10]. Furthermore, a liver biopsy is the accepted
gold standard for the diagnosis and staging of NAFLD in
the guidelines of the Japanese Society of Gastroenterology
(JSG), guidelines of the American Association for the Study
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of Liver Disease (AASLD), and guidelines of the European
Association for the Study of the Liver (EASL) [9, 10, 12],
even though it is an invasive examination, has a selection
bias inherent to liver biopsy, and is impractical for repeated
assessments of the liver tissue condition. More importantly,
liver biopsy cannot be considered as the gold standard for
a precise evaluation of the histological features of NAFLD,
because the histological staging would be based on examina-
tion of biopsy specimens that represent at most 1/50,000 of
the total liver mass [13]. Furthermore, the histopathologic
diagnosis is mainly determined using liver tissues derived
from percutaneous liver biopsies, which are prone to sam-
pling errors and/or inter-observer variability [14, 15]. Fur-
thermore, the characteristic histological features of NAFLD/
NASH are often lost in cases of NAFLD with cirrhosis, the
so-called “burned-out NASH” [16].

According to a meta-analysis, the estimated prevalence
of NAFLD is 27.4% in Asia as a whole [1], and 22.3% in
Japan specifically [2], with NASH accounting for 10-20%
of the cases. In Japan, at present, there are an estimated 22.6
million patients with NAFLD and 3.76 million patients with
NASH, including 660,000 NAFLD patients with advanced
fibrosis (F3 +F4) [17]. It is impractical to examine all of
these patients by liver biopsy. In actual clinical practice,
the performance of liver biopsy is also deterred by patient
reluctance to undergo the procedure [18]. Thus, candidates
for liver biopsy should be selected on the basis of a careful
risk—benefit assessment.

Current status of conventional
ultrasonography in the management
of NAFLD

The findings of conventional ultrasonography (US) in
patients with NAFLD are often operator-dependent and
include a bright liver, intrahepatic vascular blurring, and
deep attenuation [18]. According to a meta-analysis of stud-
ies comparing the findings of US with the histopathologi-
cal findings, abdominal US had a sensitivity of 85% and
specificity of 94% for the diagnosis of moderate to the severe
fatty liver [19]. On the other hand, it has been reported that
it is difficult to make an accurate diagnosis of the fatty liver
using the abdominal US alone in patients with morbid obe-
sity or with hepatic steatosis of less than 20% [9, 20, 21].
Therefore, a significant number of patients with fatty liver,
which is defined as a liver fat content of at least 5% of the
total liver weight, can be missed [22]. In addition, the results
of the visual assessment of NAFLD by US show substantial
inter-observer variability and limited reproducibility [23].
As methods for early diagnosis of NAFLD, quantitative
evaluations, such as calculation by computer-assisted US of
the hepatic/renal ratio (H/R) and by the US of the hepatic
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attenuation rate, have been attempted [24]. Evaluation of
inflammation and degrees of fibrosis less than those that
define cirrhosis is not possible by conventional B-mode US.

Nevertheless, conventional US is still recommended for
the diagnosis of moderate and severe steatosis in the current
guidelines, because it is widely available, well established,
noninvasive, and relatively inexpensive. Therefore, the US
is considered as the first-line imaging technique in patients
with clinically suspected NAFLD [9, 10, 12].

Principle and classification of ultrasound
elastography

Most cases of NAFLD are asymptomatic until the disease
has progressed to cirrhosis, and repeated biopsies to moni-
tor these patients are impractical. Therefore, there is a need
to develop useful noninvasively measured biomarkers to
monitor disease progression. US elastography is a general
term used to describe US-based methods for measuring the

Table 1 Two types of ultrasound elastography

elasticity of liver tissue. While various devices have been
developed by different companies, the imaging modali-
ties are principally divided into two major types: strain
imaging, which is a US method for measuring the liver
deformation caused by compression, and shear wave imag-
ing, which is a US method for measuring the velocity of
the micro-displacements (shear waves) induced in liver
tissue (Table 1). Strain imaging measures liver deforma-
tion in response to compression (by cardiac contraction or
manual compression) applied to the tissue and then ana-
lyzes the images obtained. Strain imaging determines the
liver stiffness by measuring the value of € (extension per
unit length) and calculating E (elasticity) = d/e. Shear wave
imaging measures the velocity of propagation through the
liver of a shear wave, which is a transverse wave formed
when a vibration wave is transmitted through the liver. The
velocity of the shear wave in shear wave imaging is con-
verted into a liver stiffness measurement (LSM) expressed
in kilopascals (kPa), using the following formula of
E =3p (tissue density) Vs?. Vibration-controlled transient

Measured physical quantity Strain or displacement

Methods

Excitation method

Strain imaging

Strain elastography

Shear wave speed
Shear wave imaging

N/A

Fujifilm (formerly Hitachi)

GE, philips, Cannon

(A) Manual compression ElaXto™ Esaote
Palpitation Real-time tissue
Cardiovascular elastography™
pulsation .
Respiration Strain elastography :
Elastography Mindray
ElastoScan™ Samsung
eSie Touch™ elasticity Siemens
imaging
(B) Acoustic radiation ARFI Imaging
force impulse excitation  viral Touch™ Imaging  Siemens

(C) Controlled external
vibration

(VTI/ARFI)

Point shear wave elastography (pSWE)

Virtual Touch™ Quantifi-  Siemens
cation (VTQ/ARFI)

ElastPQ™ Philips

Shear Wave Fujifilm (formerly Hitachi)
Measurement™ (SWM)

2D-Shear wave elastography (2D-SWE)

ShearWave™ elastography Supersonic Imagine
(SWE™)

Virtual Touch™ Image
(VTIQ/ARFI)

Shear wave Elastography

Siemens

GE healthcare, Cannon,
Philips

Vibration-controlled transient elastography (VCTE)

FibroScan™ Echosens

Modified from Shiina et al. [29]
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Fig.1 Illustrations of the principles of each of the available US
elastography techniques. a Real-time Tissue Elastography® (RTE)
measures the liver deformation caused by compression; b vibration-
controlled transient elastography (VCTE: FibroScan®) measures the
speed of a mechanical pulse emitted by the probe across the liver;
¢ point shear wave elastogpraphy (pSWE) uses pulsed focused US

elastography (VCTE, FibroScan®) is the pioneer US-based
technique, and is the most widely used worldwide (with
over 5100 systems distributed in over 80 countries). Other
elastography modalities, such as point shear wave elas-
tography (pSWE), which includes acoustic radiation force
impulse imaging (ARFI) or two-dimensional shear wave
elastography (2D-SWE) integrated into conventional US
systems, are emerging (Fig. 1) [25-27].

Although both strain imaging and shear wave imaging are
referred to as US elastography, the underlying principles of
the two methods are different, and they should be considered
as completely different procedures (Table 1, Fig. 1).

Ultrasound elastography: strain imaging
Real-time tissue elastography

The first practical use of elastography was an epoch-mak-
ing event in the staging of fibrosis in patients with chronic
hepatitis. Historically, the development of US elastography,
beginning in the 1990 s, was aimed at the diagnosis of dis-
eases involving sclerotic changes in tissues, such as cancer
and cirrhosis, and the world’s first commercially available
US-based elastography system, based on strain imaging
[Real-time Tissue Elastography® (RTE)], was introduced
in Japan in 2003 (EUB-8500; Hitachi Medical, Kashiwa,
Japan).
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(acoustic push pulse) to generate a transverse elastic wave (shear
wave), and the speed of the transverse wave through the tissue is
measured; d two-dimensional shear wave elastography (2D-SWE)
involves the combination of a radiation force induced in the tissue by
focused US beams

When a certain external force is applied to tissue, the
resulting strain varies according to the stiffness of the
tissue. RTE measures the displacement magnitudes in
the regions of interest (ROIs) and calculates the relative
distortion by performing spatial differentiation (Table 2,
Figs. 1a, 2a). Areas with a relatively small distortion (rela-
tively hard tissue) are highlighted in blue, areas with a
relatively large distortion (relatively soft tissue) are high-
lighted in red, and areas with an intermediate level of dis-
tortion are highlighted in green. Thus, the liver tissue is
displayed as a color map in 256 colors in real time [28,
29]. The measurement methods include the liver elastic-
ity score as a subjective measure, the liver fibrosis index
(LFI) as an objective measure (incorporating nine feature
values obtained from the images as independent variables
into the equation), and the elastic ratio (expressed as the
parenchymal to peripheral venous strain ratio of the liver).

Real-time Tissue Elastography® is indicated for vari-
ous diffuse liver diseases, including viral hepatitis and
NAFLD. In a study of patients with NAFLD, Ochi et al.
observed a significant correlation between the elastic ratio
and liver fibrosis, and a significant difference in the elastic
ratios between patients with NAFLD activity score (NAS)
0-4 and > 5 [30].

In the past, RTE used to be performed only with a lin-
ear probe. Therefore, in patients with large amounts of
subcutaneous, visceral, and intrahepatic fat, these areas
were likely to be highlighted in blue due to insufficient
penetration, resulting in an overestimation of fibrosis. In
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Table 2 Characteristics of each of the available US elastography techniques for measuring fibrosis as compared to liver biopsy

Liver biopsy VCTE PSWE RTE 2D-SWE
Invasiveness Yes No No No No
Inspection time 1h 5 min 5 min 5 min 5 min

3—4 h’s rest after liver
biopsy (requires
hospitalized care)

Few seconds

Any selected ROI

Few seconds

Right lobe of the liver
where the heart com-
presses the liver

Few seconds

Any selected ROI

Requirement time for 1 week Few seconds
the result
Evaluation location Mainly right lobe M probe: 25-65 mm
1/50,000 of the total from the skin surface
liver XL probe: 35-75 mm
from the skin surface
Quantivity Semiquantitative Quantitative
(FO-4)
Reproducibility Good Excellent
Depends on the opera-
tor’s skill
Inter- and intra-observe
variability between
pathologists
Assessment Histological Velocity of the shear
wave
Repeatability Difficult Easy
Influence of ascites Increased risk of Impossible
bleeding
Influence of obesity Possible Use of an XL probe
recommended
Influence of liver No Yes

atrophy

Quantitative Semi-quantitative Quantitative

Good Unknown Excellent

Velocity of the shear Relative distortion by  Elasticity is

wave performing spatial displayed on a

differentiation color map

Easy Easy Easy

Possible Possible Possible

Partially Use of a convex probe  Partially
recommended

No Unknown No

ARFI acoustic radiation force impulse, pSWE point shear wave elastography, RTE real-time tissue elastography, SWE shear wave elastography,
VCTE vibration-controlled transient elastography, 2D-SWE two-dimensional shear wave elastography

recent years, it has become possible to perform RTE using
a convex probe, which allows expansion of the observation
field in depth, as well as widthwise, from the left to the
right. This has made accurate assessment possible even in
patients with thick subcutaneous fat, severe obesity, and/
or severe fatty liver. In addition, unlike shear wave elas-
tography, RTE has the advantage that the results are less
influenced by inflammation, jaundice, congestion, and so
forth. In general, however, strain elastography is inferior
for the quantification of hepatic fibrosis than shear wave
elastography (Table 3).

Ultrasound elastography: shear wave
imaging

Vibration-controlled transient elastography (VCTE)
A report on the first elastography system to utilize a shear

wave and shear wave speed techniques, known as vibra-
tion-controlled transient elastography (VCTE, FibroScan),

to estimate liver stiffness was published in 2002 [31]
(Table 1). VCTE is mounted with a one-dimensional probe
and an ultrasonic transducer. The technology measures the
velocity of a 50-MHz shear wave emitted by a probe in the
intercostal space into the liver (Figs. 1b, 2b). The veloc-
ity is positively related to liver stiffness. The shear elastic
wave travels faster through hard tissues and slower through
soft tissues (Fig. 3). FibroScan® measures the shear wave
velocity and calculates Young’s modulus E (kPa) using
the equation, E =3¢Vs? [tissue density, g=1 g/cm?; shear
wave speed, Vs (m/s)] (Figs. 1b, 3). At that time, however,
the utility of VCTE for NAFLD was hardly tested, because
many hepatologists believed that US elastography was not
suitable for obese patients [32]. Yoneda et al. were the first
in the world to report the usefulness of VCTE for the stag-
ing of fibrosis in patients with NAFLD [33, 34]. Following
these reports, VCTE began to be used for the staging of
fibrosis in NAFLD patients and was thoroughly validated
worldwide. VCTE is the first Food and Drug Administra-
tion (FDA)-approved elastography technique, introduced in
April 2013 (Tables 1, 2). At present, VCTE is performed
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Fig.2 Actual images of a Real-time Tissue Elastography® (RTE;
Hitachi Healthcare, Japan); b vibration-controlled transient elastog-
raphy (VCTE: FibroScan®; Echosence, France); ¢ point shear wave

using three different probes for measurement under various
circumstances: the standard M probe (3.5 MHz) for adults,
the XL probe (2.5 MHz) for overweight patients, and the S
probe (5.0 MHz) for children. Lower-frequency probes are
suitable for patients who have high abdominal adiposity or
have a large skin-to-liver surface distance, to reduce wave
attenuation [35].

The first systematic meta-analysis of VCTE (M probe)
based on studies including 854 NAFLD patients was con-
ducted by Kwok et al., which indicated a sensitivity/speci-
ficity of this modality for the diagnosis of fibrosis stages
F2, F3, and F4 of 0.79/0.75, 0.85/0.85, and 0.92/0.92,
respectively [36]. In the most recent meta-analysis of VCTE
(M-probe) based on 11 studies and 1753 NAFLD patients,
the AUROC for the diagnosis of fibrosis stage F2, F3, and
F4 was 0.85, 0.92, and 0.94, respectively [37]. There is one
report of a meta-analysis of the usefulness of the XL probe
conducted by Xiao et al., involving three studies and 318
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(b)VCTE

elastography (pSWE; Acuson S2000, Siemens, Germany); d two-
dimensional shear wave elastography (2D-SWE; Elast Q, Philips, the
Netherlands)

NAFLD patients, according to which the AUROC for the
diagnosis of fibrosis stages F2, F3, and F4 was 0.82, 0.86,
and 0.94, respectively [38].

Technical failure was a common phenomenon rang-
ing in frequency from 6.7 to 27.0% and was primarily
related to a high BMI [39, 40]. Because VCTE involves
the transmission of a mechanical wave that originates at
the skin, obesity is a significant cause of technical failure
and unreliable measurements (Tables 2, 3). Lower LSM
values appear to reliably exclude advanced fibrosis, but
cases with early fibrosis stage could be easily misclassified
by VCTE. Although the examination takes a short time and
is highly reproducible (Table 2), it has the disadvantage
of not allowing reliable measurement in obese patients
(Table 3).

Vibration-controlled transient elastography was reported
to have an accuracy corresponding to an AUROC of 0.73
for predicting all-cause mortality [41]. It is also reported as
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Table 3 Limitations and advantages of each of the available US elastography modalities

Limitation

Advantage

RTE Operator dependency

Scarcely influenced by inflammation, jaundice, congestion

Strain elastography is a non-quantitative technique that is inferior Possible in patients with ascites

to shear wave elastography for the quantification of hepatic

fibrosis

VCTE There are several confounders

Inflammation

Heart congestion

Obesity

Cholestasis

Portal hypertension

Non-fasting

Failure in patients with ascites

Liver not visualized during the examination
The left lobe of the liver cannot be examined

pPSWE Unreliable LSM in obese patients

There are several confounders

Inflammation

Operator inexperience

Heart congestion

Obesity

Cholestasis

Portal hypertension

Non-fasting

There are no data available for the follow-up of fibrosis in
NAFLD using pSWE

There are several confounders

Inflammation

Operator inexperience

Heart congestion

Obesity

Cholestasis

Portal hypertension

Non-fasting state

The accuracy is affected by inter-observer variability

2D-SWE

RTE can be performed together with a regular ultrasound exami-
nation

Recommended by several guidelines (AASLD, EASL, JSG)

It can be carried out by trained paramedical staff

Intra- and inter-operator reproducibility is excellent

It can be performed using three different probes: M probe (for
adults), XL probe (for overweight patients), and S probe (for
children)

Most widely used worldwide (with over 5100 systems distributed
in over 80 countries)

Failure rate is quite low (1-2%)
PSWE can be performed together with a regular ultrasound
examination

2D-SWE can be performed together with a regular ultrasound
examination

ARFI acoustic radiation force impulse, pSWE point shear wave elastography, RTE real-time tissue elastography, SWE shear wave elastography,
VCTE vibration-controlled transient elastography, 2D-SWE two-dimensional shear wave elastography

a clinically reliable follow-up method for NAFLD patients
[42, 43]. The results of VCTE are known to be affected by
the presence of inflammation, portal pressure, liver con-
gestion, and mechanic cholestasis [44]. Food intake also
increases liver stiffness, probably through an increase in
portal blood flow [45, 46]. Other well-characterized causes
of spuriously high liver stiffness include congestive heart
failure [47], biliary obstruction [48], and amyloidosis [49]
(Table 3). Solitary liver lesions, such as hepatic cysts and
hemangiomas, have also been shown to be associated with
increased LSM values [50].

Recently, the FibroScan-AST (FAST) score, calculated
using the LSM and controlled attenuation parameter (CAP)
obtained using FibroScan® (Echosens; Paris, France), as
well as the serum level of aspartate aminotransferase (AST),
was reported as being an effective measure for the identifica-
tion of NASH [51, 52].

Point shear wave elastography (pSWE)

Virtual Touch™ quantification (VTQ) was the first com-
mercially available pPSWE. VTQ involves targeting the ana-
tomic region to be examined for its elastic properties using
a ROI cursor while performing real-time B-mode imaging
(Table 1). VTQ uses pulsed focused US (acoustic push
pulse) to generate a transverse elastic wave (shear wave)
and tracking US pulses to measure the shear wave speed,
and thereby tissue stiffness (Figs. lc, 2c). The measured
shear wave speed is an intrinsic and reproducible property
of tissue. In VTQ, the tissue stiffness is expressed by the
shear wave speed, Vs (m/s)= \/E/Z(l +7y)p, where E is
Young’s modulus (y is Poisson’s ratio and p is the density).
The technique of pSWE was developed by Siemens (Issa-
quah, WA, USA) and is available on Acuson S2000 and
S3000 ultrasound diagnostic imaging devices, and also on
the iU22 diagnostic imaging device developed by Philips

@ Springer
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Fig.3 Vibration-controlled transient elastography (VCTE: plotted on the y-axis, and the time of the peak of the shear wave is

FibroScan®; Echosence, France) measures the velocity of a 50-MHz
shear wave that is emitted by a probe. a The results are displayed with
an estimate of the shear wave speed. The distance from the probe is

(Bothell, WA, USA). This quantitative technique provides
a single unidimensional measurement of tissue elasticity
like the FibroScan®, although the measurement area can be
positioned on a two-dimensional B-mode image (Fig. 2c,
Table 2).

Yoneda et al. were the first to report the usefulness of
PSWE in patients with NAFLD in 2010 [53]. Then, Cas-
sinotto reported the following AUROC values for the diag-
nosis of various stages of fibrosis in 291 NAFLD patients:
0.77 for fibrosis stage > F2, 0.84 for > F3, and 0.84 for
F4 (cirrhosis), which suggest that the ability of pSWE to
detect fibrosis in patients with NAFLD/NASH is almost
equivalent to that of VCTE [54]. A systematic review of
seven studies including 723 NAFLD patients reported a
summary sensitivity and specificity of 80.2 and 85.2%,
respectively, for the detection of >F2 fibrosis [55]. In
2020, the most recent systematic review and meta-anal-
ysis based on 13 studies including 1147 NAFLD patients
reported that the AUROC for the diagnosis of fibrosis
stages F2, F3, and F4 was 0.89, 0.94, and 0.94, respec-
tively [56]. There are no available data on the follow-up
of the severity of fibrosis in NAFLD patients using pSWE.
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plotted on the x-axis. b The shear wave velocity is positively related
to the liver stiffness; it travels faster through hard tissues and slower
through soft tissues

Like VCTE, the results of pSWE have also been
reported to be influenced by other factors, e.g., the pres-
ence of inflammation. The focused US pulse, which pen-
etrates subcutaneous fat and ascites, allows measurement
even in patients with ascites and obesity [57, 58] (Table 3).
Therefore, the reported failure rate of pSWE is quite low
(1-2%) [27]. Howeyver, the rate of unreliable LSM in obese
patients undergoing pSWE was similar or higher than that
obtained with SWE or VCTE [54]. Further investigation
in NAFLD patients is necessary to confirm these findings.

Although validation studies are fewer as compared to
those for VCTE, pSWE is clinically useful because they can
be performed together with a regular US examination, which
allows structural examination and HCC surveillance.

2D-shear wave elastography (2D-SWE)

The principle underlying 2D-SWE is that the combination of
a radiation force induced in tissues by focused US beams and
a very high-frame-rate US imaging sequence enables propa-
gation of the resultant shear waves to be captured in real time
(Table 1). The radial forces that generate the shear waves are
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focused at increasing depths, causing a shear wavefront to
propagate in the scanned area (Fig. 1). The US system then
captures the generated shear waves. The shear wave speed,
subsequently estimated by a Doppler-like acquisition over a
RO, is then used to calculate the tissue stiffness. Elasticity
is displayed by color mapping of the elasticity encoded pixel
by pixel, with the color map image superimposed on the
standard B-mode image (Fig. 2d). Stiffer tissues appear in
red and softer tissues appear in blue [59, 60]. 2D-SWE was
first incorporated into Aixplorer®, manufactured by Super-
sonic Imagine, and launched in 2010. Thereafter, it was
also incorporated into the “LOGIQ” series manufactured
by GE Healthcare, Virtual Touch™ Image Quantification
manufactured by Siemens, Aplio and Xario manufactured
by Canon Medical Systems, and EPIQ and Affiniti manu-
factured by Philips (Table 1). The operator, assisted by a
real-time B-mode US image, places the designated ROI on
the color map. A retrospective meta-analysis of 2D-SWE
that included 1340 patients with chronic liver disease from
13 centers worldwide reported diagnostic accuracy of 91%
(optimal cutoff, 9.2 kPa) and 95% (optimal cutoff, 13.5 kPa)
for advanced fibrosis and cirrhosis, respectively [61]. In the
subgroup of 172 NAFLD patients, the diagnostic accu-
racy was 93% and 92% for advanced fibrosis and cirrhosis,
respectively, with the same optimal cutoffs as for the overall
group. In another study of 291 NAFLD patients, the reported
AUROC was 0.86 for fibrosis stage > F2, 0.89 for > F3, and
0.88 for F4 fibrosis (cirrhosis) [54]. For the diagnosis of
liver fibrosis in NAFLD patients, it has been reported that
2D-SWE is superior to pSWE and comparable to VCTE in
terms of the diagnostic ability for fibrosis stage > F2 [54].
According to a report by Yoneda et al., 2D-SWE showed
an almost equivalent diagnostic success rate and diagnostic
ability to those of FibroScan® with the XL probe in obese
patients [62]. However, SWE is affected by inflammation
and jaundice, and 2D-SWE is reportedly influenced by
blood stasis, or congestion [63]. Furthermore, the accuracy
of 2D-SWE is affected by inter-observer variation and food

Fig.4 The controlled attenu-
ation parameter (CAP) is a
VCTE-guided measurement for
quantifying liver fat by measur-
ing US attenuation in the liver

intake [64]. Therefore, it is recommended that these meas-
urements be performed by very experienced sonographers or
radiologists after the patient has fasted for at least 2 h. Just
like pPSWE, 2D-SWE can also be performed together with
a regular US examination for HCC surveillance (Table 3).

Ultrasound-based technologies for grading
hepatic steatosis

Controlled attenuation parameter

The controlled attenuation parameter (CAP) is a VCTE-
based measure for quantifying the liver fat via evaluation of
the US attenuation in the liver, and is expressed in decibels
per meter (range of 100400 dB/m) (Fig. 4). The same radio-
frequency data as for determination of the LSM are used for
determining the CAP, and the value is only appraised if the
acquisition is valid. Similar to the US, CAP measurement is
also affected by obesity. Failed examinations are more com-
mon in obese patients [63], although this problem has been
largely mitigated by the development of the XL probe [65].

A meta-analysis of 19 studies of the M probe and includ-
ing 2735 patients (527 patients with NAFLD) was reported
by Karlas et al. [66]. According to the report, the AUROC
values were 0.82, 0.81, and 0.78 for the diagnosis of
grade > 1,>2, and 3 steatosis, respectively, with a sensitiv-
ity/specificity of 69%/82%, 77%/81%, and 88%/78%, respec-
tively [66]. The cutoff values for diagnosing grade>1,>2,
and 3 steatosis were proposed to be 248 dB/m, 268 dB/m,
and 289 dB/m, respectively. Since the measurement results
depend on the distance to the liver surface, the measurement
in highly obese patients is performed using the XL probe.
In a recent multicenter study of the XL probe conducted in
393 NAFLD patients, the CAP had an AUROC of 0.76 for
the detection of steatosis > 5% and a 96% positive predictive
value at a cutoff level of 263 db/m [67].

Fat in the liver
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However, the reliability and cutoff values of CAP with the
M as compared to the XL probe are also an issue that needs
to be debated, because the transmission frequency varies
depending on the type of probe. In addition, it should also be
noted that the sensitivity is low for livers with only slight fat
deposition, and inter-observer variability would be expected.

Because steatosis is a reversible marker reflecting the
potential for further liver injury, CAP is a promising inves-
tigational tool for clinicians to advise patients on future risks
and therapeutic strategies. However, the clinical significance
of measuring the degree of hepatic steatosis is unclear [4,
68]. Some studies suggest that the accuracy of CAP for the
detection of hepatic steatosis is lower in obese patients [69,
70]. Moreover, significant liver fibrosis may affect the US
attenuation and decrease the diagnostic performance of CAP
[70]. Recently, a study that followed 4282 patients who had
undergone CAP measurement showed that neither the pres-
ence nor the severity of hepatic steatosis predicted liver-
related events, cancer, or cardiovascular events in the short
term, while LSM and the underlying etiology independently
predicted liver-related events [71]. Therefore, the results of
longitudinal studies are awaited.

Attenuation imaging, attenuation coefficient
and ultrasound-guided attenuation parameter

Attenuation imaging (ATI: “Aplio i800” by Canon Medical
Systems) is a technique in which the US propagation proper-
ties and acoustic transmission characteristics unique to the
probe are excluded. After removal of the focus-dependent
beam profile and gain-adjusted profile from the echo sig-
nals, the rate of attenuation attributable only to the proper-
ties of the biological tissue is calculated. Then, tomographic
images are reconstructed with the obtained attenuation
coefficients, and the result is presented as a color map. ATI
allows quantitative assessment of hepatic steatosis by refer-
ence to the B-mode images and allows 2D-SWE and ATI
without changing the probe. Therefore, blood vessels and
structures can be excluded from the map and the measure-
ment area by reference to the B-mode images. This allows
the measurement area to be limited to the area of interest.
The ATI values increase significantly with increasing stea-
tosis grade. The AUROC for the detection of grade > 1,>2,
and 3 steatosis in NAFLD patients were 0.77, 0.88, and 0.86,
respectively [72]. Furthermore, ATI showed high intra- and
inter-observer reproducibility for the assessment of hepatic
steatosis [73].

Attenuation coefficient (ATT) in the ARIETTA 850®
manufactured by Fujifilm (formerly Hitachi) is also a new
diagnostic method of US B-mode imaging [74, 75]. US
B-mode uses multiple US waves with different frequency
components for measurement. ATT estimates hepatic steato-
sis from differences in attenuation of the received signals in
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real time. ATT measurement was correlated with histologi-
cal steatosis grade [74, 75].

Similarly, a tool called Ultrasound-guided Attenuation
Parameter (UGAP) has been reported to be available in
the LOGIQ series® manufactured by GE Healthcare. The
AUROC of UGAP for identifying > S2 and S3 were better
than the results obtained with CAP [76]. According to a
previous report, the results of assessment using UGAP were
strongly correlated with the results of assessment based on
the proton density fat fraction (PDFF) measured by MRI
[77], and the result of UGAP was weakly affected by liver
stiffness [78].

Conclusion

The number of patients with NAFLD/NASH has increased
worldwide, with the westernization of lifestyles. Although
liver-related events are a relatively minor cause of mortal-
ity among NAFLD patients, NAFLD is on the threshold of
becoming the most common cause of liver disease and liver-
related death globally [79]. Previous studies have reported
that the degree of liver fibrosis is an important prognostic
factor in patients with NAFLD/NASH, being associated not
only with the risk of development of cirrhosis and hepato-
cellular carcinoma but also with the risk of development
of cardiovascular events [80]. The major advantage of US
elastography, as compared to liver biopsy, is that it is pain-
less and rapid, is not associated with complications, and is
universally accepted by patients. Even in patients in whom
the presence of hepatic cirrhosis is obvious, there are two
additional benefits of measuring liver stiffness; first, a higher
degree of stiffness in patients with cirrhosis could be of diag-
nostic value for detecting the presence of large varices [81],
and second, a greater value of liver stiffness may be pre-
dictive of other complications and subsequent liver-related
death [82]. US elastography is expected to become an opti-
mal examination for the follow-up of NAFLD patients, and
is expected to take its own position as a liver assessment
technique, rather than being used only as an alternative to
liver biopsy.
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