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Abstract

Elastography-based imaging techniques have received substantial attention in recent years for
non-invasive assessment of tissue mechanical properties. These techniques take advantage of
changed soft tissue elasticity in various pathologies to yield qualitative and quantitative information
that can be used for diagnostic purposes. Measurements are acquired in specialized imaging modes
that can detect tissue stiffness in response to an applied mechanical force (compression or shear
wave). Ultrasound-based methods are of particular interest due to its many inherent advantages,
such as wide availability including at the bedside and relatively low cost. Several ultrasound
elastography techniques using different excitation methods have been developed. In general, these
can be classified into strain imaging methods that use internal or external compression stimuli, and
shear wave imaging that use ultrasound-generated traveling shear wave stimuli. While ultrasound
elastography has shown promising results for non-invasive assessment of liver fibrosis, new
applications in breast, thyroid, prostate, kidney and lymph node imaging are emerging.

Here, we review the basic principles, foundation physics, and limitations of ultrasound
elastography and summarize its current clinical use and ongoing developments in various clinical
applications.

Key words: Elastography; Ultrasound; Strain Imaging; Shear Wave Imaging; Liver; Breast; Thyroid; Kidney;
Prostate; Lymph nodes.

Introduction

Ultrasound elastography (USE) is an imaging  diagnostic applications.

technology sensitive to tissue stiffness that was first
described in the 1990s [1]. It has been further
developed and refined in recent years to enable
quantitative  assessments of tissue stiffness.
Elastography methods take advantage of the changed
elasticity of soft tissues resulting from specific
pathological or physiological processes [2]. For
instance, many solid tumors are known to differ
mechanically from surrounding healthy tissues.
Similarly, fibrosis associated with chronic liver
diseases causes the liver to become stiffer than normal
tissues. Elastography methods can hence be used to
differentiate affected from normal tissue for

Conventional ultrasound (US) has the advantage
of being an inexpensive, versatile, and widely
available modality that can be used at the bedside,
which also applies to USE. USE has been explored for
several clinical applications in recent years and has
been introduced into clinical routine for specific
applications such as liver fibrosis assessment or breast
lesion characterization. Elasticity imaging by USE
provides complementary information to conventional
US by adding stiffness as another measurable
property to current US imaging techniques [3].

In this review, we provide an overview of the
principles and concepts of USE, describe various USE
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techniques, and discuss clinical applications of USE in
the liver, breast, thyroid, kidney, prostate and lymph
nodes.

Principles and Techniques of Ultrasound
Elastography

The following provides a brief summary of USE
physics and current techniques. More in depth
reviews of elastography physics can be found
elsewhere [2, 4, 5].

Ultrasound elastography physics

Elastography assesses tissue elasticity, which is
the tendency of tissue to resist deformation with an
applied force, or to resume its original shape after
removal of the force. Assuming that a material is
entirely elastic and its deformation has no time
dependency (i.e. viscosity), elasticity can be described
by Hooke’s Law:

o=I"¢ (Eqn. 1)

where stress (0) is the force per unit area with units
kilopascals (i.e. N/m?) (Figure 1, top row), strain (&) is
the expansion per unit length which is dimensionless
(Figure 1, second row), and the elastic modulus (I')
relates stress to strain with units kilopascals (Figure 1,
third row).

There are three types of elastic moduli I' defined
by the method of deformation: Young’'s modulus (E),
shear modulus (G), and bulk modulus (K).

1) Young's modulus E is defined by the
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produces a normal strain (e.), where normal is
perpendicular to the surface (Figure 1, first column):

(Eqn. 2)

2) Shear modulus G is defined by the following
equation when a shear stress (0s) produces a shear
strain (g5), where shear is tangential to the surface
(Figure 1, second column):

o0,=E¢€,

0,=G-¢g; (Eqn. 3)

3) Bulk modulus K is defined by the following
equation when a normal inward force or pressure (o)
produces a bulk strain or change in volume (ep)
(Figure 1, third column):

Osz'Eb (Eqn 4)

The higher the elastic modulus I, the more a
material tends to resist deformation, which can be
thought of as increased stiffness.

In strain imaging, the normal strain e, is
measured after application of normal stress o, to yield
estimates of Young’s modulus E via Equation 2, as
will be later described.

In addition to the above equations which
describe static deformations, the elastic modulus T’
also characterizes the propagation speed of waves:

c= \/g (Eqn. 5)

where p is the material density and c is the wave
speed.
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Figure 1. Ultrasound elastography physics, deformation models. Static deformations of entirely elastic materials can be described by stress o (force per unit area, top row), strain
€ (expansion per unit length, middle row), and elastic modulus I (stress divided by strain, bottom row). This is applied to normal (perpendicular to surface, first column), shear
(tangential to surface, second column), and bulk (normal inward or pressure, third column) forces used in ultrasound elastography.
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Figure 2. Ultrasound elastography physics, measurement methods. In strain imaging (a), tissue displacement is measured by correlation of RF echo signals between search
windows (boxes) in the states before and after compression. In shear wave imaging (b), particle motion is perpendicular to the direction of wave propagation, with shear wave
speed cs related to shear modulus G. In B-mode ultrasound (c), particle motion is parallel to the direction of wave propagation, with longitudinal wave speed ¢ related to bulk

modulus K.

There are two types of wave propagation in
ultrasound: longitudinal waves and shear waves:

1) Longitudinal waves have particle motion
parallel to the direction of wave propagation (Figure
2c¢), and are defined using the bulk modulus K as:

cL = \/g (Eqn. 6)

where the longitudinal wave speed (c1) is
approximately 1540 m/s in soft tissues. While
longitudinal waves are used in B-mode US, the
relatively small differences in wave speed and hence
K between different soft tissues do not allow adequate
tissue contrast for elastography measurements.

2) Shear waves have particle motion
perpendicular to the direction of wave propagation
(Figure 2b), and are defined using the shear modulus
Gas:

Cs = -

p (Eqn. 7)

where the shear wave speed (cs) is approximately 1-10
m/s in soft tissues. The low wave speed in soft tissues
allows for high differences in G between tissues,
giving suitable tissue contrast for elastography
measurements.

The three types of deformations and elastic
moduli are not independent, but have relationships as
the solid attempts to retain its original volume, the
success of which is described by the Poisson’s ratio
(v). Although the proof is outside of the scope of this
review, the relationship between Young’'s modulus E
and shear modulus G is as follows [2]:

E=2w+1)G (Eqn. 8)
Given the high-water content of soft tissue, the
Poisson’s ratio v is near 0.5 of an incompressible

medium, and E = 3G. Using this with Equation 7, we
obtain:

E =3G =3pcs?  (Eqn.9)

where measurement of csallows estimation of E and
G. Density p has units kg/m? and cs has units m/s so
pcs? has units kg/(m*s?) which is equivalent to N/m?
or kilopascals, the units of E and G.

The relationships between Young’s modulus E,
shear modulus G, and shear wave speed cs are
important because different parameters are reported
according to the elastography technique and vendor.
MR elastography reports the magnitude of the
complex shear modulus G, which has both elastic and
viscous components and is calculated from
phase-contrast multiphase pulse sequence data [5].
Ultrasound shear wave imaging directly measures
shear wave speed cs, which is either reported or
converted to Young's modulus E. While it is
technically easy to convert between E and G via
equation 9, estimations of these values depend on the
used frequency of excitation, making comparison of E
reported in USE and G in MR elastography difficult.

Prior USE studies have reported results in
varying units, including Young’'s modulus E in
kilopascal and shear wave speed cs in m/s or cm/s. A
recent consensus advocates reporting results as shear
wave speed cs in m/s as part of a standardized
approach [6]. To convert units from Young’s modulus
E in kilopascal and shear wave speed cs in m/s,
Equation 9 can be rewritten as:

Cs = |7

5 (Eqn. 10)

Young’s modulus E is given in kilopascals,
which is equal to N/m? or kg/(m*s?). Since density p
has units kg/m3, the units of the term E/(3p) is m?/s2.
Per Equation 10, taking the square root of the term
E/(3p) yields shear wave speed cs in the preferred unit
of m/s.
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Figure 3. Ultrasound Elastography Techniques. Currently available USE techniques can be categorized by the measured physical quantity: 1) strain imaging (left), and 2) shear
wave imaging (right). Excitations methods include quasi-static mechanically-induced displacement via active external compression or passively-induced physiologic motion
(orange), dynamic mechanically-induced compression via a “thumping” transducer at the tissue surface to produce shear waves (green), and dynamic ultrasound-induced tissue

displacement and shear waves by acoustic radiation force impulse excitation (blue).

Ultrasound elastography techniques

From these principles, the different currently
available USE techniques can be classified by the
measured physical quantity (Figure 3):

1) Strain imaging: In this technique, a normal
stress o, is applied to tissue and the normal strain &, is
measured (Figure 1, first column); Equation 2 is used
to provide a qualitative evaluation of Young's
modulus E.

2) Shear wave imaging (SWI): In this technique, a
dynamic stress is applied to tissue by using a
mechanical vibrating device in 1D transient
elastography (1D-TE) or acoustic radiation force in
point shear wave elastography (pSWE) and 2D shear
wave elastography (2D-SWE). Shear waves created by
the excitation are measured perpendicular to the
acoustic radiation force application or parallel to the
1D transient elastography excitation; the shear wave
speed c¢s is reported, or Young's modulus E is
computed and reported using Equation 9.

Strain imaging
Strain imaging was the first introduced USE

technique [7] and there are two approaches for strain
imaging using ultrasound: Strain elastography (SE)

and acoustic radiation force impulse (ARFI) strain
imaging (Figure 3).

Strain Elastography

Strain elastography can be further subdivided by
the excitation method:

1) In the first method, the operator exerts manual
compression on the tissue with the ultrasound
transducer [7]. Manual compression works fairly well
for superficial organs such as the breast and thyroid
but is challenging for assessing elasticity in deeper
located organs such as the liver [8].

2) In the second excitation method, the
ultrasound transducer is held steady, and tissue
displacement is generated by internal physiologic
motion (e.g. cardiovascular, respiratory). Since this
method is not dependent on superficially applied
compression, it may be used to assess deeper located
organs [1].

The induced tissue displacement in the same
direction as the applied stress is then measured by a
number of different methods dependent on the
manufacturer, including radiofrequency (RF) echo
correlation-based tracking, Doppler processing, or a
combination of the two methods. We review RF echo
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correlation-based tracking, one of the most common
and simplest methods. In this method, 2D RF A-lines
are measured along the axis of displacement (Figure
2a). Correlation of the RF echo signal between search
windows in  different  acquisitions  allows
measurement of the tissue displacement Al and
estimation of the normal strain e, (Figure 1).

The manually or physiologically applied stress is
not quantifiable, but by assuming uniform normal
stress on, the measured normal strain &, provides a
qualitative measure of Young’s modulus E and thus
tissue elasticity (Figure 1, first column, last row) [9].
The strain measurements are displayed as a
semitransparent color map called an elastogram,
which is overlaid on the B-mode image. Typically,
low strain (stiff tissue) is displayed in blue, and high
strain (soft tissue) is displayed in red, although the
color scale can vary depending on the ultrasound
vendor [1, 10]. A pseudo-quantitative measurement
called the strain ratio can be used, which is the ratio of
strain measured in adjacent (usually normal)
reference tissue region of interest (ROI) to strain
measured in a target lesion ROIL. A strain ratio >1
indicates that the target lesion compresses less than
the normal reference tissue, indicating lower strain
and greater stiffness [11].

Acoustic radiation force impulse (ARFI) strain imaging

This is an alternative approach for measuring
strain. In this technique a short-duration (0.1-0.5 ms)
high-intensity (spatial peak pulse average = 1400
W /cm?, spatial peak temporal average = 0.7 W/cm?)
acoustic “pushing pulse” (acoustic radiation force) is
used to displace tissue (displacement of ~ 10-20 pm)
in the normal direction, i.e. perpendicular to the
surface [12]. The displacement within a specified ROI
is subsequently measured by the same methods as in
strain  elastography. Also, similar to strain
elastography, the displacements may be displayed as
an elastogram overlaid on the B-mode image [13].
This imaging approach is implemented for example as
Siemens Virtual Touch™ Imaging (VTI).

Shear wave imaging

In contrast to strain imaging, which measures
physical tissue displacement parallel to the applied
normal stress, SWI employs a dynamic stress to
generate shear waves in the parallel or perpendicular
dimensions. Measurement of the shear wave speed
results in qualitative and quantitative estimates of
tissue elasticity. There are currently three technical
approaches for SWI: 1) 1 dimensional transient
elastography (1D-TE), 2) point shear wave
elastography (pSWE), and 3) 2 dimensional shear
wave elastography (2D-SWE) (Figure 3). The main

characteristics of each method are summarized in
Figure 4.

ID Transient Elastography

The first SWI system commercially available was
a 1D-TE system FibroScan™ (Echosens, Paris, France)
for assessment of the liver [14]. It is the most widely
used and validated technique for assessment of liver
fibrosis, and it is often used by clinicians in the office.

The Fibroscan™ probe is a single device that
contains both an ultrasound transducer and a
mechanical vibrating device. Although 1D-TE is an
US-based technique, it is used without direct B-mode
image guidance. The operator selects the imaging area
using time-motion ultrasound (based on multiple
A-mode lines in time at different proximal locations
assembled to form a low quality image) to locate a
liver portion 2.5 - 6.5 cm below the skin surface and
free of large vascular structures. The mechanical
vibrating device then exerts a controlled vibrating
external “punch” on the body surface to generate
shear waves which propagate through the tissue. The
same probe then uses A-mode US to measure the
shear wave speed and Young's modulus E is
calculated [15]. Measurements assess a tissue volume
of approximately 1 cm wide x 4 cm long, which is
>100 times larger than the average volume of a biopsy
sample [16, 17]. The examiner takes repeated
measurements with the following criteria for
validation: (1) at least 10 valid measurements, (2) ratio
of number of valid measurements to the total number
of measurements is > 60%, (3) interquartile range
(IQR), which reflects the variability of measurements,
is less than 30% of the median value of liver stiffness
measurements [16]. The entire exam takes
approximately 5 minutes [17].

Point shear wave elastography

In this technique, ARFI is used to induce tissue
displacement in the normal direction in a single focal
location, similar to ARFI strain imaging. Unlike ARFI
strain imaging, the tissue displacement itself is not
measured. Instead, a portion of the longitudinal
waves generated by ARFI is intra-converted to shear
waves through the absorption of acoustic energy [12].
The speed of the shear waves perpendicular to the
plane of excitation ¢; are measured, which are either
directly reported or converted Young's modulus E
and reported to provide a quantitative estimate of
tissue elasticity.

Unlike 1D-TE, pSWE can be performed on a
conventional ultrasound machine using a standard
ultrasound probe [17].

In liver applications, there are several
advantages of pPSWE compared to 1D-TE. First, the
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operator can use B-mode US to directly visualize the
liver to select a uniform area of liver parenchyma
without large vessels or dilated bile ducts. Also,
unlike 1D-TE where the shear waves are produced by
excitation at the body surface, pSWE produces shear
waves which originate locally inside the liver, making
PSWE less affected by ascites and obesity [5, 6, 18].
Currently, there are two commercially available
products using pSWE: Virtual Touch™ Quantification
(VIQ/ ARFI) by Siemens available since 2008 and the
newer Elast-PQ™ by Philips introduced in 2013.

Two-dimensional (2D) Shear wave elastography

Two-dimensional (2D) SWE is the currently
newest SWI method that uses acoustic radiation force.
Instead of a single focal location as in ARFI strain

interrogated in rapid succession, faster than the shear
wave speed. This creates a near cylindrical shear wave
cone, allowing real-time monitoring of shear waves in
2D for measurement of shear wave speed or Young's
modulus E and generation of quantitative
elastograms [4]. To date, the following commercially
available systems use 2D-SWE technology: Virtual
Touch™ Imaging Quantification (VTIQ/ARFI) by
Siemens, Shear Wave™ Elastography by SuperSonic
Imagine (SSI), Shear Wave Elastography by Philips,
Acoustic  Structure Quantification™ (ASQ) by
Toshiba, and 2D-SWE by GE Healthcare [2, 4].

The advantages of this technique include
real-time visualization of a color quantitative
elastogram superimposed on a B-mode image [19],
enabling the operator to be guided by both anatomical

imaging and pSWE, multiple focal zones

are

pSWE

2D-SWE

1D-TE

- Excitation method: dynamic
stress by ARFI, in the normal
direction, in a single focal
location.

- Shear waves measured
perpendicular to plane of
excitation.

- Shear wave speed (Cs)
reported or converted in
Young's modulus (E) to provide
quantitative estimate of tissue
elasticity.

- Operator can use B-mode US
to directly visualize and select
ROl

- Does not show an image of
stiffness.

- Can be performed on
conventional US machine using
standard ultrasound probe.

- Became available in 2008.

- Excitation method: dynamic
stress by ARFI, in the normal
direction in multiple focal zones
- Shear waves measured
perpendicular to ARFI
application.

- Multiple focal zones are
interrogated in rapid
succession, faster than the
shear wave speed, creating a
near cylindrical shear wave
cone, allowing real-time
monitoring of shear waves in
2D for measurement of Cs or E
and generation of quantitative
elastograms.

- Operator is guided by both
anatomical and tissue stiffness
information, has real-time
visualization of a color box;
quantitative elastogram
superimposed on a B-mode
image stiffness information.

- Currently newest SWI

method.

- Excitation method: dynamic
stress by a mechanical
vibrating device.

- Shear waves measured
parallel to excitation.

- Stiffness estimated along
ultrasonic A-line, in a fixed
region, neither user adjustable
nor image guided.

- Operator selects imaging area
using time-motion ultrasound,
based on multiple A-mode lines
in time at different proximal
locations forming low quality
image. The same probe uses
A-mode US to measure Csand
E is calculated.

- First system commercially
available. The most widely
used and validated technique

for assessment of liver fibrosis.

Figure 4. Summary of Shear Wave Imaging methods.

and tissue stiffness information
[20].

Technical Limitations of
Ultrasound Elastography
With a growing clinical
interest in developing new USE
applications, or refining existing
ones, it is essential to

understand current technical
limitations that hinder
reproducibility of

measurements. Several technical
confounders are known to affect
USE. A number of these can be
traced back to  general
sonography limitations such as
shadowing, reverberation, and
clutter artifacts, or the
operator-dependent nature of
free-hand ultrasound systems [6,
21]. Similarly, tissue attenuation
decreases ultrasound signal as a
function of depth, limiting
accurate assessment of deeper
tissue or organs. Fluid or
subcutaneous fat also attenuates
propagation of the external
stimulus applied at the skin
surface (i.e. Fibroscan™), which
can invalidate measurements in
the setting of obesity or
abdominal ascites [21]. System
settings and parameters (i.e.
ultrasound frequency, sampling
rate, gains, etc.) can also produce

biased results if not
standardized across patient
groups and time points in
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longitudinal applications. In addition, the lack of
uniformity of commercial system design and settings
makes comparing measurements from one
manufacturer system to another a difficult task [4, 6,
19, 21, 22]. However, efforts are underway to address
some of these concerns; for example, an initiative by
the Quantitative Imaging Biomarkers Alliance (QIBA)
is attempting to use phantoms to standardize

quantitative measurements from different USE
techniques [22, 23].
Of the USE methods described above,

measurements from methods that utilize external
stimuli, such as strain elastography, are the most
challenging to reproduce. Measurements in these
modes are highly subjective since the magnitude of
the applied stress is difficult to control with operator
dependent manual compression and the inherent
variability of physiologic motion when used as a
stimulus. Selection of the ROI is also operator
dependent and can introduce variability [18]. In
addition, the extent of stress induced by an operator
can result in strain concentration artifacts around
specific structures, which then distort the strain field
and generate artifacts in images or erroneous
measurements [6, 19, 24]. As a result, SE methods only
allow semi-quantitative assessments of stiffness that
are difficult to compare longitudinally. Elastography
in general is also susceptible to internal sources of
stress (i.e. cardiac, breathing). For example in liver
applications, it is preferable to measure stiffness in the
right lobe over the left lobe to minimize internal
stimulations generated by the nearby palpating heart
which can result in erroneous measurements. In the
case of elastography modes that utilize internal
sources of excitation stress (i.e. cardiac) that cannot be
regulated by the operator, it is important to note that
these stresses are complex, difficult to quantify and
variable through time (as a function of physiology),
thus can tamper with measured strain responses.

Furthermore, commercially available USE modes
rely on a set of assumptions about the tissue material
being examined to simplify analysis and
interpretation of measurements/imaging. Core
assumptions are that the tissue is:

- linear; resulting strain linearly increases as a
function of incremental stress (Equation 1)

- elastic; tissue deformation is not dependent on

stress rate, and tissue returns to original
non-deformed equilibrium state
- isotropic; the tissue is

symmetrical/homogeneous and responds to stress
the same from all directions

- incompressible; the overall volume of tissue
remains the same under stress applied.

To date, these assumptions have held in specific

clinical scenarios (i.e. fibrosis), but have been shown
to fail in other imaging applications (i.e. in patients
with high body mass index) [4, 21]. In principle, these
assumptions violate conventional models that
describe soft tissue mechanical properties as complex
and heterogeneous materials that have both a viscous
and an elastic mechanical response when probed [21].
For instance, linearity breaks down since the
force-deformation relationship changes as a function
of stress; tissue stiffness increases with compression,
leading to decreased strain and increased shear wave
speed [2, 4]. The assumption that tissue is isotropic
(homogeneous) is violated at tissue interfaces, where
shear wave reflection at structural interfaces may lead
to incorrect speed estimates [2]. Similarly,
incompressibility is incorrect since tissues can lose
volume when compressed (usually in the form of
fluids). Finally, the assumption of pure tissue
elasticity neglects the presence of tissue viscosity,
which introduces a dependency of shear wave speed
on excitation frequency. This dependency complicates
comparison of shear wave speed measurements
among different US vendors that use different
excitation frequencies [2, 23]. Also, although
assumptions made to date facilitate the process of
elastography imaging/measurements, these are likely
inaccurate depictions of tissue mechanics. The
adoption of elastography to new clinical applications,
such as characterizing highly heterogeneous tumor
masses or organs, will likely require the adoption of
more complex modeling that accounts for tissue
viscoelasticity [25, 26]. This is in part due to a tumor’s
highly heterogeneous microenvironment, which
contains  stiff elastic regions (e.g., fibrosis,
calcifications) as well as soft viscous regions (e.g.,
blood pools, cystic degeneration areas) with
variations at different length-scales [27-29].

Nonetheless, USE is a promising method
undergoing rapid development and active research.
Despite limitations detailed above, USE has great
clinical promise as measurements have shown
remarkable correlation to diffuse and focal disease
states in multiple organs.

With an understanding of the basic USE physical
principles and techniques, we next review the
performance of USE in the liver, breast, thyroid,
kidney, prostate, and lymph nodes.

Clinical Applications of Ultrasound
Elastography

Liver

Diffuse Liver Disease

Chronic liver disease (CLD) is a major public
health problem throughout the world. In the United
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States, CLD was the 12th leading cause of death in
2013, accounting for 1.4% of all deaths [30]. The
multiple causes of CLD (including hepatitis viral
disease, nonalcoholic fatty liver disease, alcoholic
liver disease and autoimmune liver disease) follow a
common pathway towards liver fibrosis and finally
cirrhosis, increasing the risk for the development of
portal hypertension (PH), hepatic insufficiency, and
hepatocellular carcinoma (HCC) [31]. Nonetheless,
hepatic fibrosis can be reversed, stabilized, or
prevented if the underlying cause of liver fibrosis is
removed and/or the patient is treated with
immunosuppressive, anti-inflammatory, or anti-viral
drugs or by new adjunctive anti-fibrotic agents such
as anti-oxidants and angiotensin inhibitors [32].
Currently, liver biopsy is the best available
reference standard for evaluating and classifying
stages of liver fibrosis/cirrhosis, with the METAVIR
score being the most widely used histopathologic
grading system. According to this system, the fibrosis
stages are: FO= normal liver, F1= minimal fibrosis, F2=
significant fibrosis, F3= severe fibrosis and F4=

cirrhosis. However, liver biopsy has several
limitations. It is invasive and can cause minor
complications  including temporary pain in

approximately 20% of cases. Major complications,
such as bleeding, hemobilia, bile peritonitis,
bacteremia, sepsis, pneumothorax, hemothorax and
even death, occur in 1.1% of liver biopsies [33]. Liver
biopsy is also limited by under-sampling, with a
typical biopsy core only representing roughly
1/50,000 of the entire liver volume [19, 34].
Inter-observer agreement among pathologists in
grading liver fibrosis/cirrhosis is also not perfect,
with kappa statistic ranging from 05 to 0.9,
depending on the pathologist’s expertise [35].
Accurate staging of liver fibrosis/cirrhosis is
important since treatment recommendations vary by
the type of CLD. Evidence supports treatment for all
patients infected with Hepatitis C virus (HCV).
However, in places where resources are limited, the
stage of liver fibrosis is used to prioritize treatment.
For example, patients with F3 or F4 fibrosis are at the
highest priority for treatment due to the risk of severe
complications, whereas those with F2 fibrosis are at
high but lesser priority for treatment owing to
relatively lower risk of complications [36]. For
Hepatitis B virus (HBV), patients with a minimum F2
fibrosis and HBV DNA > 2000 IU/ml are being
considered for antiviral therapy even if their alanine
aminotransferase (ALT) levels are below two times
the upper limits of normal [37]. A quantitative
non-invasive test such as USE that allows accurate
longitudinal monitoring of liver stiffness would be
clinically helpful with these therapeutic decisions.

Since the liver becomes stiffer as fibrosis
progresses due to collagen deposition and
microstructural changes, USE has the potential to
monitor these histopathologic changes through
noninvasive quantitative measures of liver stiffness,
using different stiffness cut-off values to simulate the
METAVIR score. However, USE has limitations
distinguishing between consecutive stages that will be
described further below.

Assessment of Liver Fibrosis with Different Liver
Elastography Techniques

A standardized liver elastography technique is
critical to obtain reliable and accurate results. The
patient is imaged in supine or slight (30°) left lateral
decubitus position, with the right arm elevated above
the head to open the intercostal spaces and improve
the acoustic window to the liver. Since cardiac motion
can confound elastography measurements, it is
recommended to sample measurements in the right
liver lobe, which has shown the most reliable results
[38, 39]. Transducer pressure on the skin should be
similar to regular anatomical B-mode imaging. When
using SWE techniques, the acoustic radiation force
push pulse should be applied perpendicular to the
liver capsule, with measurements obtained 4-5 cm
deep to the skin and within a minimum 1-2 cm of liver
parenchyma to limit refraction of the pulse. Since the
assessed tissue extends 1.0 cm above and below the
user-designated ROI, the operator should verify that
these areas are free of vascular and biliary structures
and rib shadows. Furthermore, the patient needs to be
coached in breathing (to stop breathing at the end of
normal expiration or inspiration) so measurements
are taken in a neutral position, as Valsalva maneuver
or deep expiration can falsely increase stiffness
measurements [6].

Liver 1D Transient Elastography

One dimensional TE studies have found that
liver stiffness values correlated with histopathologic
fibrosis stages in CLD patients (Table 1). A recent
large multicenter 2-phase study in the United States in
patients with HCV (n = 700) or HBV (n = 53)
compared 1D-TE with liver biopsy. In phase 1 of the
study optimal stiffness cut-off values for identification
of F2 to F4 fibrosis were identified, and in phase 2 the
cut-off values were tested in a second and different
patient cohort (Table 1,[40]). 1D-TE showed
reasonably high area under the receiver operating
characteristic curves (AUROCs) in the HCV group
(AUROC F22 0.89, F>3 0.92, F4 0.92) and in the HBV
group (F>2 0.73, F23 0.83, F4 0.90), confirming
previous results indicating that 1D-TE allows staging
of significant fibrosis [41, 42]. A meta-analysis
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comprised of mostly Asian studies using 1D-TE with
2772 chronic HBV patients found similar results
(AUROC F>2 0.86, F>3 0.89, F4 0.93) (Table 1,[43]).
Another meta-analysis of 50 studies in patients with
various etiologies of CLD (n=518) using liver biopsy
as the reference standard highlighted that 1D-TE was
more accurate in diagnosing F4 fibrosis than F2 or F3
fibrosis (AUROC F4 0.93 vs. F>2 0.87, F>3 0.91),
regardless of the underlying cause of liver disease
(Table 1,[17]). Overall, 1D-TE is considered useful to
diagnose cirrhosis (F4 fibrosis) and for distinguishing
significant (= F2) from non-significant (FO and F1)
fibrosis. However, distinguishing between individual
fibrosis stages is still not well validated.

Liver Point Shear Wave Elastography

Published pSWE studies have overall shown
good results in assessing liver fibrosis, with most

studies using VITQ/ ARFI (Table 1). A meta-analysis of
PSWE (VIQ/ARFI) studies including 518 patients
with biopsy-proven CLD predominantly from HCV
showed AUROCs of F>2 0.87, F>3 0.91 and F=4 0.93
(Table 1,[17]). The same meta-analysis compared a
subset of 312 patients that were assessed with both
pSWE (VTQ/ARFI) and 1D-TE (FibroScan™), and
found that 1D-TE was slightly more accurate than
PSWE in diagnosing significant fibrosis (AUROC of
0.92 vs. 0.87) and cirrhosis (0.97 vs. 0.93) (Table 1,[17]).
In contrast, another meta-analysis which included
1163 patients with CLD found that pSWE
(VTQ/ ARFI) showed similar predictive value to that
of 1D-TE for significant fibrosis (AUROC 0.74 vs. 0.78)
and cirrhosis (0.87 vs. 0.89) (Tablel,[44]).

Table 1: Summary of ultrasound elastography studies assessing liver fibrosis in chronic liver disease.

Sens. Specif.
Disease N° Patients Techniq. Parameter Cut-off AUC (%) (%) Author
HCV 183 1D-TE LSM (kPa) 7.1 (F22) 0.83 67 89 Castera et al., 2005
9.5 (F23) 0.9 73 91
12.5 (F=4) 0.95 87 91
HCV 327 1D-TE LSM (kPa) 8.8 (F22) 0.89 56 91 Ziol et al., 2005
9.6 (F23) 091 86 85
14.6 (F=4) 097 86 96
HBV 2772 1D-TE LSM (kPa) 79 (Fx2) 0.86 74.3 78.3 Chon et al., 2012
8.8 (F23) 0.89 74 63.8
11.7 (F=4) 0.93 84.6 81.5
CLD 518 pSWE SWV (m/s) 1.34 (F22) 0.87 79 85 Friedrich et al., 2012
1.55 (F=3) 091 86 86
1.8 (F=4) 0.93 92 86
HCV,HBV | 188 (1) 1D-TE LSM (kPa) 8.4 (F22) 0.89 (1) 81.9 70 Afdhal et al., 2015
0.73 (2) 57.9 74.9
560 (2) 9.6 (F23) 0.92 (1) 88.3 81.9
0.83 (2) 71.8 80.1
12.8 (F=4) 0.92 (1) 84.2 86
0.90 (2) 75.9 85.1
CLD 349 2D-SWE LSM (kPa) 8.0 (F>2) 0.89 83 82 Cassinotto et al., 2014
8.9 (F23) 0.92 90 81
10.7 (F=4) 0.92 85 83
1D-TE LSM (kPa) 8.5 (F22) 0.83 76 81
8.5 (F23) 0.86 88 71
14.5 (F=4) 0.9 77 91
pSWE SWV (m/s) 1.38 (F>2) 0.81 72 81
1.5 (F23) 0.89 79 81
1.61 (F=4) 0.9 81 77
CLD 120 (intention to 2D-SWE LSM (kPa) 12.4 (F>2) 0.87 _ _ Gerber et al., 2015
diagnose) 21.6 (F=3) 0.91 _ _
26.5 (F=4) 0.88 _ _
1D-TE LSM (kPa) 10 (F22) 091 _ _
26.3 (F=3) 0.94 _ _
33 (F=4) 0.89 _ _
pSWE SWV (m/s) 1.76 (F22) 0.92 _ _
247 (F23) 0.93 _ _
2.89 (F=4) 0.9 _ _
CLD 1163 1D-TE LSM (kPa) (F2) _ 78 84 Bota et al., 2013
(F=4) _ 89 87
pSWE SWV (m/s) 1.3 (F22) _ 74 83
1.8 (F=4) _ 87 87

LSM = Liver stiffness measurement; No data available = '—".
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Table 2. Summary of cut-off values for fibrosis staging according to manufacturers/literature.

US based method F>2

F>3 F=4

PSWE - VTQ/ ARFI - Siemens (Friedrich et al., 2012)

1.34 m/s (5.7 kPa)

1.55 m/s (7.3 kPa) 1.8 m/s (10 kPa)

PSWE - ElastPQ™ - Philips* 1.37 m/s (5.7 kPa) 2.00 m/s (12 kPa) 2.64 m/s (21.0 kPa)
2D-SWE - GE * 1.66 m/s (8.3 kPa) 1.77 m/s (94 kPa) 1.99 m/s (11.9 kPa)
2D-SWE - SSI (Ferraioli et al., 2012) 1.50 m/s (7.1 kPa) 1.70 m/s (8.7 kPa) 1.90 m/s (104 kPa)
2D-SWE - ASQ™ - Toshiba* n/a n/a 2.23 m/s (15 kPa)

TE - FibroScan ™ - Echosens (Afdhal et al, 2015)

1.67 m/s (8.4 kPa)

1.70 m/s (9.6 kPa) 210 m/s (12.8 kPa)

* Value provided by manufacture

Liver 2D Shear Wave Elastography

Among the four US systems that have 2D-SWE
(as described above), Shear Wave™ Elastography by
SuperSonic Imagine (SSI) is currently the most
validated system for assessing liver fibrosis. The first
study comparing 2D-SWE (SSI) and 1D-TE was
performed in 121 patients with chronic HCV using
liver biopsy as a reference standard. 2D-SWE was
more accurate than 1D-TE in assessing significant
fibrosis (F>2) (AUROC of 0.92 vs. 0.84; p=0.002) [20],
with the optimal cut-off values for 2D-SWE
summarized in Table 2. In an intra-individual
prospective comparison study comparing 2D-SWE
(SSI), pPSWE (VTQ/ ARFI) and 1D-TE (Fibroscan™) in
349 consecutive patients and using liver biopsy as
gold standard, 2D-SWE was shown to have higher
diagnostic accuracy than 1D-TE in the diagnosis of
severe fibrosis (F23) (AUROC of 0.93 vs. 0.87;
p=0.0016, respectively) and higher than pSWE in the
diagnosis of significant fibrosis (F=2) (AUROCs of
0.88 vs. 0.81; p = 0.0003, respectively). The optimal
cut-off values used in this study are summarized in
Table 1 [45]. In another study (Table 1, [46]) there was
no significant difference in AUROCs for 2D-SWE,
pSWE, and 1D-TE in the diagnosis of significant
fibrosis (F>2: 0.87, 0.92, 0.91), advanced fibrosis (F>3:
0.91, 0.93, 0.94) and liver cirrhosis (F=4: 0.88, 0.90,
0.89), respectively between the three methods.

Comparing results obtained by the different
elastography techniques is challenging because
terminology, treported parameters, shear-wave
frequency, and other technical factors are not
standardized [24]. For example, some SWE-based
techniques report different units (e.g., m/s or kPa) [6]
and apply different cut-off values which are defined
by each manufacturer and can vary between systems
as summarized in Table 2. In an attempt to quantify
the differences between commercial clinical shear
wave speed (SWS)-capable systems (Fibroscan™,
Philips, Siemens S2000, SSI Aixplorer) as well as
experimental systems, the Ultrasound Shear Wave
Speed technical committee of the Radiological Society
of North America Quantitative Imaging Biomarker
Alliance (QIBA) used dynamic mechanical tests of
phantom materials. Shear wave speed was estimated
in pairs of phantoms (one soft and one hard phantom)

in three depths. There was a statistically significant
difference in SWS estimates among systems and with
depth into the phantom (demonstrated with all
imaging systems). The results show that the
differences in measurements between machines and
observers can vary on the order of 12%; these findings
have yet to be validated in clinical studies [6].

Quantification of Portal Hypertension

Portal hypertension (PH) is one of the most
important complications of CLD and cirrhosis. When
portal pressures and hepatic venous pressure gradient
(HVPG) rise to a level the body cannot compensate
for, complications such as ascites, variceal bleeding,
and hepatic encephalopathy may develop [47]. At an
HVPG =10 mmHg, patients have clinically significant
PH and are at high risk of developing varices. At an
HVPG 212 mmHg, PH is defined to be severe with an
increased risk for acute variceal bleeding, which bears
a mortality rate of approximately 15% [48]. The gold
standards to assess PH in cirrhotic patients are the
direct measurement of HVPG using angiographic
techniques as well as upper gastrointestinal
endoscopy to assess for the presence and grade of
esophageal varices [49]; both are invasive tests.

Ultrasound elastography may become a
non-invasive alternative by measuring liver stiffness
(LS) and/or spleen stiffness (SS). In SS, the same
techniques are applied in the spleen as described
above for the liver. Recent studies using 1D-TE found
that LS was more accurate than SS for the diagnosis of
clinically significant PH (AUROC:s of 0.95 vs. 0.85 [50];
0.78 vs. 0.63 [51]). In contrast, another study in 60
cirrhotic patients examined with pSWE and using
HVPG as a reference standard found that SS was the
most accurate test in diagnosing both clinically
significant (AUROC: 0.943) and severe PH (AUROC:
0.963) [47]. In that study, SS cut-off values of 3.36 m/s
and 3.51 m/s identified patients with esophageal
varices and high-risk esophageal varices, respectively,
with a negative predictive value of 96.6% and 97.4%
respectively. Several additional studies have found SS
to be predictive of esophageal varices. For example, a
study using pSWE of the spleen in 340 cirrhotic
patients and 16 healthy volunteers with invasive
endoscopy as the reference standard found that a
shear wave velocity cut-off value of 3.30 m/s

http://lwww.thno.org




Theranostics 2017, Vol. 7, Issue 5

1313

identified high risk esophageal varices with a
negative predictive value, sensitivity and accuracy of
0.994, 0.989 and 0.721 respectively [52]. Overall results
suggest that both SS and LS are promising parameters
that may allow non-invasive screening for PH and the
presence of esophageal varices. Additional studies are
needed to further validate current results and to

promising results (Table 3).

assess whether LS, SS, or the combination of the two
result in the most accurate assessment.

Characterization of Focal Liver Lesions

Currently, the use of ultrasound elastography for
characterization of focal liver lesions (FLLs) is still
investigational but a few studies have shown

Table 3. Summary of ultrasound elastography studies assessing malignancy of masses in the liver, breast, thyroid, kidney, prostate, and

lymph nodes.
No. Sensitivity Specificity
Patients Lesions Malignant Technique Parameter (%) (%) Author
384 448 228 1D-TE . 85 84 Ma et al., 2013
134 134 41 PSWE SWV (m/s) 83.3 77.9 Guo et al., 2015
SWV ratio 59.6 77.3
5 373 373 290 PSWE Stif. value 74 84 Luetal., 2015
= Stif. ratio 82 28
- 117 117 _ PSWE SWV (m/s) 97 66 Goya et al., 2015
140 154 112 pSWE SWV (m/s) 81.3 92.9 Zhang et al., 2015
81 62 24 PSWE SWV (m/s) no stat. dif. no stat. dif. Heide et al., 2010
75 79 36 pSWE SWV (m/s) no stat. dif. no stat. dif. Frulio et al., 2013
143 143 48 SE EI/B-mode ratio 98 87 Barr, 2015
100 114 33 SE ES 69.7 95.1 Mohey et al., 2014
370 401 155 SE ES 72.3 91.9 Zhi et al., 2012
1874 2087 667 SE SR 88 83 Sadigh et al., 2012
395 450 131 SE EI/B-mode ratio 98 72
- 4266 4713 . SE ES 83 84 Gong et al., 2011
5 SR 88 81
& 201 201 116 SE SR 95 74 Fischer et al., 2011
208 251 54 SE EI/B-mode ratio 100 95 Barr, 2010
135 111 52 SE ES 86.5 89.8 Itoh et al., 2006
143 143 48 SWI SWV (m/s) 93 89 Barr, 2015
82 83 38 SWI max. stif 94 73 Feldmann et al., 2015
2424 2584 1244 SWI max. stif. (kPa) 93 81 Chen et al., 2014
mean stif. (kPa) 94 71
530 639 153 SE ES and/or stif. index | 92 90 Bojunga et al., 2010
676 703 217 SE ES (4 point) 65.4 58.2 Moon et al., 2012
s ES (5 point) 15.7 95.3
kS 706 912 86 SE ES 80.2 70.3 Azizi et al., 2013
_E‘ 446 498 126 SE ES 81 62 Trimboli et al., 2012
= 2147 2436 745 pSWE SWV (m/s) 80 85 Zhan et al., 2015
1451 1617 _ PSWE YM (kPa) 86.3 89.5 Dong et al., 2015
35 35 11 2D-SWE YM (kPa) 82 88 Samir et al., 2015
o 60 60 36 SWI SWV (m/s) 88 54 Goya et al., 2015
I 42 42 12 SWI SWV (m/s) no stat. dif. no stat. dif. Guo et al., 2014
E 71 71 42 SE Strain Index Value 82.9 82.7 Onur, et al., 2015
47 47 19 SE SR 95 100 Tan et al., 2013
184 1040* 129* SWI YM (kPa) 96 85 Correas et al.,, 2015
@ 87 1058* 79* SWI YM (kPa) 43 80.8 Woo et al.,, 2014
Z 53 318* 26* SWI YM (kPa) 96.2 96.2 Barr et al., 2012
S 60 703* 141** SWI YM (kPa) 80.9 69.1 Boehm et al., 2015
& 50 _ 33** SWI YM (kPa) 90 (PSA<20) 88 (PSA<20) Ahmad et al.,2103
93(PSA>20) 93(PSA>20)
508 _ . SE . 72 76 Zhang et al., 2014
229 1374* 894* SE Color pattern pattern | 51 72 Brock et al., 2011
527 . . SE Color pattern/SI 62 79 Teng et al., 2012
2278 _ _ SE _ 71-82 60-95 Aboumarzouk et al., 2012
545 835 440 SE ES 74 90 Ying et al., 2012
8 SR 88 81
3 89 89 52 SE ES 88.4 35.1 Teng et al., 2012
f: SR 98.1 64.9
o 37 85 53 SE ES 83 100 Alam et al., 2008
E 50 53 23 SE SR 83 96 Paterson et al., 2012
— 46 55 31 2D-SWE YM (kPa) 419 100 Bhatia et al., 2012
100 100 57 pSWE SWV (m/s) 78.9 74.4 Cheng et al., 2016

Elasticity score (ES), Strain ratio (SR), Shear Wave Imaging (SWI), Strain Index (SI), Young’s Modulus (YM), Strain Elastography (SE)

* Peripheral zone sextants
** Number of patients

No data available ='—".
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A meta-analysis of 6 studies (4 using pSWE, 2
SE) with histology as the gold standard showed that
the pooled sensitivity, specificity, positive likelihood
ratio (LR), and negative LR of elastography for the
differentiation of malignant from benign lesions were
85%, 84%, 5.69 and 0.17, respectively, with a summary
AUROC of 0.93 (Table 3, [53]). In another recent
study, a cut-off value of 2.52 m/s using VTQ/ARFI
allowed differentiation of malignant from benign
FLLs with a sensitivity and specificity of 97% and
66%, respectively (Table 3, [54]).

Since FLLs may occur on different background
liver parenchyma, it was reasoned that reporting the
ratios (SWV ratio or stiffness ratio) between values
obtained in the FLL and the surrounding liver tissue
could be more accurate. However, a recent study with
VTQ/ARFI in 134 patients with FLLs found that a
cut-off values of 2.13 m/s for SWV showed superior
performance (sensitivity and specificity of 83.3% and
77.9%, respectively) compared to a cut-off value of
1.37 for SWV ratio (59.6% and 77.3%, respectively) in
differentiating malignant from benign FLLs (Table 3,
[55]). This was also shown in a larger-scale study in
373 patients using pSWE (by Philips) with an AUROC
of 0.87 vs. 0.67, sensitivity of 74% vs. 82% and
specificity of 84% vs. 28% (Table 3, [56]).

Although the above studies were promising,
other studies have reported less favorable results. A
study of 62 patients using VIQ/ARFI found no
significant difference in the stiffness of malignant
versus benign FLLs (p=0.28) (Table 3, [57]). Another
study of 79 biopsy-proven FLLs using VIQ/ARFI
also found no significant difference between the
stiffness of malignant and benign FLLs (mean SWV
260 = 1.15 m/s vs. 253 £ 0.83 m/s respectively,
p>0.05), with mean SWV values: hepatic adenoma =
1.90 £ 0.86 m/s, hemangioma = 2.14 + 0.49 m/s, FNH
= 314 + 0.63 m/s, HCC = 24 + 1.01 m/s, liver
metastasis = 3.0 + 1.36 m/s (Table 3, [58]).

To date, the evaluation of USE for FLL
characterization appears limited and large ranges of
stiffness values for both benign and malignant lesions
have been reported, with HCC SWYV values ranging
from 1.15 m/s (soft) to > 4.0 m/s (stiff) in one study
[58]. This variability could reflect tumor
heterogeneity, since inclusion of internal hemorrhage
or necrosis in malignant tumors decreases stiffness.
Although benign lesions are in general softer than
malignant lesions, some benign lesions such as focal
nodular hyperplasia (FNH), which is mainly
composed of hyperplastic hepatic cells and vessels,
also have fibrous septa and a central scar which can
increase its stiffness. More research is warranted
before USE can be recommended for characterization
of focal liver lesions.

Inflammation

Breathing Cholestasis

Hepatic Venous

e Congestion

Steatosis

Right Heart Failure

Figure 5. Pathologic and normal physiologic processes which can be confounders of
liver stiffness measurements. Among other causes, right heart failure can lead to
hepatic venous congestion with consecutive elevation of liver stiffness due to the
increased venous pressure. Increased levels of inspiration and expiration (Valsalva
maneuver) can also increase liver stiffness and, therefore, patients need to be coached
regarding breathing instructions when obtaining liver stiffness measurements.

Limitations of Liver Ultrasound Elastography

Liver USE measurements can be confounded by
both pathologic and normal physiologic processes
(Figure 5). Notably, since the liver is surrounded by a
stiff minimally distensible capsule (Glisson’s capsule),
any increase in liver volume also increases its stiffness
and elevates elasticity measurements [18]. Besides
physiologic differences such as the patient’s level of
inspiration and expiration and postprandial state,
several  disease  processes including liver
inflammation, passive hepatic congestion for example
in cardiac insufficiency, cholestasis and hepatic
steatosis, have been reported to influence USE
measurements [24]. Presence of hepatic steatosis as a
possible confounder warrants further discussion since
inconsistent results have been reported in the
literature on the effects of hepatic steatosis on shear
wave measurements [59]. Using 1D-TE in 253
biopsy-proven patients with non-alcoholic fat liver
disease (NAFLD), Petta et al found that steatosis
grade was an independent predictor of higher liver
stiffness measurement (p=0.03), leading to a
false-positive rate of 23.6% in the diagnosis of
significant liver fibrosis [59]. A multi-center 1D-TE
study including 650 patients with chronic HCV
assessed the influence of steatosis on liver stiffness
USE measurements with comparison to quantitative
and precise morphometric measurements of liver
histology obtained by biopsy. The liver biopsy
histology slides were scanned to obtain high quality
images to be evaluated by morphometry. They found
that 12.6% of FO/1 were misclassified as F2 when the
steatosis area of the liver specimen (area of steatosis
vesicles over complete liver surface estimated by
morphometry) was < 4.0 %. When the steatosis area
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was = 4%, the rate of misclassification rose to 32.4%
[60]. However, other studies suggested that presence
of steatosis did not influence fibrosis estimation.
Samir et al used 2D-SWE (SSI) to evaluate 136 patients
with CLD, and found that steatosis did not correlate
with SWE measurements obtained in the upper right
liver lobe (r=0.45, p=0.06), lower right liver lobe
(r=0.26, p=0.09), and biopsy site (r=0.04, p=0.62) [38].
Similarly, Wong et al found no influence of the
presence of steatosis on liver stiffness measurements
(p=0.31) [61].

Other limitations relate to the specific USE
methods. Since in 1D-TE excitations are applied at the
skin surface, it is limited by patient obesity, narrow
intercostal spaces and the presence of perihepatic
ascites [19]. Also, 1D-TE requires specialized
equipment and annual or biannual probe
recalibration [6]. The equipment does not provide
B-mode images, which can limit selection of an
appropriate sampling area. These factors contribute to
a high rate of unreliable results (approximately 16%)
with 1D-TE [62]. The newer methods including pSWE
and 2D-SWE are available on conventional US
systems and do not require specialized equipment.
However, greater technical and anatomical expertise
is needed with these methods, which are therefore
usually performed by a radiologist or sonographer
[5].

Finally, since both pSWE and 2D-SWE are newer
technologies compared to 1D-TE, more validation
studies are needed to assess their diagnostic accuracy
in grading liver fibrosis, prediction of esophageal
varices, or characterization of FLLs [6].

In summary, while the main clinical application
of liver USE is to detect, stage, and monitor liver
fibrosis in CLD patients, the World Federation for
Ultrasound in Medicine and Biology (WFUMB)
guidelines only recommends its use in distinguishing
significant (F>2) or advanced fibrosis (F=3) from
non-significant fibrosis (FO-F1) because of USE’s
current limitations in differentiating between
individual fibrosis stages [18]. Similarly, the Society of
Radiologists in Ultrasound Consensus Conference
Statement recommends liver USE to discriminate
patients with no or minimal fibrosis (FO-F1) from
those with severe fibrosis or cirrhosis (F3-F4) [6].
Future work to improve application of liver USE
includes technical developments to increase accuracy
of differentiation between fibrosis stages and
standardization of elastography techniques among
vendors to allow comparison of results across studies
from different sites.

Breast

Breast cancer is the most common malignancy in

United States for women, with an approximately
12.3% lifetime diagnosis rate according to the
National Cancer Institute. Early diagnosis of breast
cancer through screening tests allows for the
possibility of a complete cure [13].

The two most common imaging methods for
breast cancer screening are mammography and US;
however both have limitations, such as false negative
results in mammographic evaluation of dense breasts
and poor specificity of B-mode US [63]. USE provides
a complementary tool to improve noninvasive
characterization of breast lesions [13].

Studies have shown breast USE have favorable
results compared to B-mode US and mammography.
For example, a recent study comparing SE USE with
B-mode US and mammography (114 total lesions, 33
malignant lesions verified by histology) showed USE
was the most specific of the 3 modalities
(specificity=95.1%) [64]. In a study by Fischer et al.
comparing SE USE with B-mode US and
mammography (116 histologically proven malignant
lesions), the sensitivity (95%) and specificity (74%) of
USE was also greater than that of mammography and
B-mode US [65]. Given the diagnostic improvement
with USE results, the addition of USE to B-mode US
and mammography can help radiologists choose the
most appropriate category of the Breast Imaging
Reporting and Data System (BI-RADS) classification
to guide management. Recently, qualitative USE
elasticity measurements (soft, intermediate, or hard)
of breast lesions have been incorporated as an
associated finding in the 2nd edition of the BI-RADS
US lexicon.

Strain Imaging in Breast Lesions

Several parameters have been used to
characterize benign and malignant breast masses by
strain imaging. The most common parameters are the
Tsukuba score (elasticity score) [9], the EI/B mode
ratio (width ratio or length ratio), and the strain ratio
(fat-to-lesion ratio FLR) [66].

The Tsukuba score (a five-point color scale) is
based on a stiffness map of the tissue in and around
the lesion, where the score is computed based on the
lesion stiffness relative to the background tissue
stiffness [9]. As shown in Figure 6, Tsukuba scores are
assigned as: 1) lesion is less than or equal stiffness to
the surrounding tissue; 2) lesion has mixed (increased,
decreased or equal) areas of stiffness compared to the
surrounding tissues; 3) lesion is stiffer than the
surrounding tissue and is a smaller size on the
elastogram than the B-mode US; 4) lesion is stiffer
than the surrounding tissue and is the same size on
the elastogram and B-mode US; and 5) lesion is stiffer
than the surrounding tissue and is larger in size on the
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elastogram than the B-mode US [67]. Higher scores
correspond to a greater probability of malignancy,
with scores 1-3 indicating a probably benign lesion,
and scores 4-5 requiring a biopsy.

The Tsukuba score has been widely used to
differentiate between benign and malignant breast
lesions. For example, Itoh et al. showed the Tsukuba
score has a sensitivity, specificity and accuracy of
86.5%, 89.9% and 88.3% respectively [9]. In a
meta-analysis of 22 strain imaging studies, most of
which used the 5-point Tsukuba score, the overall
mean sensitivity was 83% and mean specificity was
84% for the diagnosis of malignant breast lesions [68].
In a study with 370 patients with breast lesions (155
malignant) evaluated with SE using the Tsukuba
score in addition to B-mode US, the BI-RADS
accuracy was overall improved with increased
specificity (68.3% to 87.8%) and slightly decreased
sensitivity (90.3% to 83.9%) [69].

In the EI/B-mode ratio, the lesion size measured
on the elastogram is divided by the lesion size
measured on the B-mode US. This ratio utilizes the
finding that the transverse diameter of a benign lesion
on an elastogram is smaller than in the corresponding
B-mode US. Conversely, the transverse diameter of a
malignant lesion is larger on an elastogram than in the
B-mode US since the stromal response to breast cancer
increases both the stiffness of the tumors and the
surrounding tissues. The validity of the EI/B-mode
ratio has been demonstrated by one study which
assessed 54 histologically proven malignant breast
lesions using El/B-mode ratio cut-offs of > 1.0 as
malignant and < 1.0 as benign. This study showed
excellent sensitivity and specificity (100% and 95%,
respectively) in differentiating malignant from benign
breast lesions [70].

The strain ratio is the ratio of the strain in a mass

to the strain in the subcutaneous fat. Since fat has a
constant elastic modulus over various compressions,
the ratio is a semi-quantitative measurement that
reflects the relative stiffness of the lesion [71].

Both the EI/B-mode ratio and strain ratio have
been widely studied, as demonstrated by a
meta-analysis including 12 USE studies reporting
either strain ratio (9 studies, 2087 breast lesions) or
El/B-mode ratio (3 studies, 450 breast lesions) for
characterization of focal breast lesions (Table 3).
Pooled sensitivity and specificity were good for the
strain ratio studies (88%, 83%, respectively) and the
El/B-mode ratio studies (98%, 72%, respectively)
(Table 3, [72]).

Shear Wave Imaging in Breast Lesions

In SWI, a quantitative measure of the shear wave
velocity (m/sec) or Young's modulus (kPa) in a lesion
is obtained either as a single value in a small fixed
region of interest (ROI) or for each pixel in a field of
view (FOV) box displayed as a color map [19, 67].
Usually, a color scale ranging from 0 (dark blue = soft)
to 180kPa (red=hard) is used in breast USE [73]
(Figure 7).

Several studies have validated the use of SWI to
characterize breast lesions (Table 3). In a recent
meta-analysis of 11 SWI studies assessing breast
lesions (2424 patients), a variety of quantitative
elasticity values were obtained, including mean
stiffness and maximum stiffness, the most commonly
used parameters. In this meta-analysis, good pooled
sensitivities and specificities for SWI were shown
based on maximum stiffness (93%, 81%, respectively)
and on mean stiffness (94%, 71%, respectively) (Table
3, [74]). Another SWI study of 83 breast lesions found
a similar sensitivity and specificity of 94% and 73%
respectively (Table 3, [75]).

Ove0@

—

Probably Benign

BGR

Probably Malignant

Figure 6. Graphical demonstration of the Tsukuba score. The lesion is shown as an oval, with colors indicating lesion stiffness (blue=increased, red=decreased) compared to the
surrounding tissue. With increasing Tsukuba score (1-5), lesions have a higher probability of malignancy. The tri-laminar appearance of blue, green and red (BGR) bands (far right
image) is diagnostic of a cyst when visualized using several ultrasound vendors (e.g. Hitachi, Toshiba) (figure adapted from Itoh et al, 2006 [9]).
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Figure 7. Side-by-side display of anatomical B-mode US image (left) and overlaid color map of simultaneous shear wave measurements (right) of a breast lesion obtained with
2D-SWE on a SuperSonic Imagine (SSI) Aixplorer™. In this system, red color represents stiff tissue and blue color reflects soft tissue. The suspicious hypoechoic lesion (shown
within rectangle on B-mode image) has an irregular border, angular margins, is slightly wider than tall and shows posterior acoustic shadowing. The elastogram suggested
malignant etiology due to increased stiffness (red/yellow/green) and ductal adenocarcinoma was confirmed on subsequent biopsy. Image courtesy by Dr. Osmar Saito.

Several studies also evaluated whether the
addition of SWI can improve the performance of
B-mode US in assessing breast malignancy (Table 3).
For example, Feldmann et al. used qualitative
(homogeneous or heterogeneous appearance) and
quantitative (size, stiffness values (E) and ratio values
(R)) 2D-SWE parameters in addition to B-mode US to
differentiate between malignant and benign breast
lesions. The most discriminating 2D-SWE features
were found to be the appearance on the SWE color
map and a peri-lesion ratio value (Rperilesion) With a
threshold at 4.32. The Rperiksion assesses the hardest
portion of the peri-lesion area (Eperilesion) and the
softest healthy fatty tissue (Ef:) through the ratio:
Rperilesion = Eperitlesion/ Efat. They showed that using
benign SWI signs (homogeneity and Rperilesion < 4.32),
to selectively downgrade B-mode US classified
BI-RADS 4a (low suspicion for malignancy) and
BI-RADS 4b (intermediate suspicion for malignancy)
lesions improved specificity of US (13% to 51%)
without loss in sensitivity (100%) (Table 3, [75]). Berg
et al. performed a study with 958 women with breast
lesions showing that SWI improved the specificity of
B-mode US (61.1% to 78.5%) (Table 3, [76]). Therefore,
if a lesion classified as BI-RADS 4a has benign SWI
features, it can be downgraded to BI-RADS 3
(probably benign), warranting follow-up rather than
biopsy. This technique shows promise to improve
patient management and reduce unnecessary
biopsies, but additional studies are warranted for
further validation.

Limitations of Breast Ultrasound Elastography
The following limitations have been highlighted

in the literature:

- Elastogram color coding and scoring are not
standardized [13].

- Occasionally a malignant lesion may appear
soft in SWI. The surrounding tissues should then be
carefully studied to help identify the stiffest part of
the lesion. The increased shear wave speed in the
surrounding tissues is relevant to help characterize
the lesion as malignant [67].

- It is difficult to characterize heterogeneous
lesions with mixed benign (cystic) and malignant
(necrotic) features [13].

- Some Dbenign lesions (e.g. hyalinized
fibroadenomas, fibrosis and fat necrosis) may also be
stiff [13].

- Masses in the posterior breast are difficult to
assess because deep tissues may not be displaced by
compression forces applied at the breast surface [13].

In summary, current applications of clinical
breast ultrasound elastography are highlighted in the
recent WFUMB guidelines, which state that strain
imaging or SWI should only be performed and
interpreted in conjunction with B-mode US for
characterization of an abnormality identified on
B-mode. According to these recommendations, it is
reasonable to downgrade lesions with soft elasticity
which are BI-RADS 3 (criteria: score 1 on strain
imaging, or a maximum color of dark blue or a
maximum elasticity of < 20 kPa on SWI) [73] or
BI-RADS 4A (criteria: score of 1 or 2 on strain imaging
and a maximum elasticity color of light blue or a
maximum elasticity of < 80 kPa on SWI for an
aggressive strategy, and a score of 1 on strain imaging
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and a maximum elasticity color of dark blue or
maximum elasticity of <30 kPa on SWI for a
conservative strategy) [76]. If a BI-RADS 3 lesion has
characteristics of malignancy on SE or SWI (E Max>
160 kPa (7.3 m/s) or E Color=red with SWI scale set at
180 kPa (7.7 m/s) [76], it should be upgraded to a
biopsy [67].

However, there is still much work to be done to
support the current clinical applications of breast
USE. For example, while both strain imaging and SWI
can improve characterization of breast masses, no
comparative studies have been performed to show
superiority of one method over the other. It is possible
that using more than one USE method at a time on a
patient may improve the confidence of findings [77].
Additional areas needing further research include the
determination of appropriate cut-off values of strain
or shear wave velocity in different USE systems, and
assessment of the diagnostic performance of USE in
lesions of different sizes and at different breast tissue
depths when used in combination with B-mode US
[71].

Thyroid

Thyroid nodules are a common finding in the
general population, present in up to 67% of adults by
high resolution B-mode US [78, 79] and in ~50% of
pathologic examinations at autopsy [80]. It is
important to distinguish the subset of thyroid nodules
that are malignant, as morbidity and mortality from
thyroid cancer increases with disease stage. Despite
the high prevalence of thyroid nodules, only 4-8% of
nodules sampled by fine needle aspiration (FNA) are
found to be malignant [78, 81]. B-mode US features
are initially used to select thyroid nodules for FNA.
Features such as spiculated margins, taller than wide
shape, marked hypoechogenicity, and
microcalcifications are suggestive of malignancy [82].
FNA is then typically used for confirmation of
malignancy.

Although FNA is considered the gold standard
for diagnosis, it is yet imperfect as up to 15-30% of
samples are considered non-diagnostic or
indeterminate [78, 79, 83]. Repeat FNA provides
conclusive results in the majority of these nodules, but
inconclusive results are again obtained for 9.9-50% of
nodules with initial non-diagnostic cytology and
38.5-43% of nodules with initial indeterminate
cytology [79]. While some inconclusive FNA results
are attributable to technical factors such as insufficient
sampling, a subset of these results are due to the less
easily remedied dilemma of follicular neoplasms,
which can comprise 6.7% of total FNA results or 22%
of the inconclusive FNA results [81]. Follicular
neoplasms are malignant 15-30% of the time,

requiring a total thyroidectomy, but malignancy is
difficult to determine by FNA, core biopsy, or even
frozen section analysis [78, 84].

Thyroid ultrasound elastography is a
noninvasive method of assessing thyroid nodules that
provides complementary information to B-mode US
and FNA. The combined use of thyroid USE with
B-mode US may improve the ability to discriminate
benign from malignant thyroid nodules and reduce
the number of needed FNAs. Thyroid USE may also
aid with the difficult problem of distinguishing
between malignant and benign follicular neoplasms.

Thyroid Ultrasound Strain Imaging

Thyroid ultrasound strain imaging studies can
be classified by the types of stimuli and scoring
systems. The most common stimulus used in thyroid
ultrasound strain imaging is operator applied external
compression via the ultrasound transducer (Figure 8).
Alternatively, physiologic stimulus using carotid
artery pulsations to induce movement of the adjacent
thyroid gland has been studied with encouraging
results [85]. Scoring systems for thyroid ultrasound
strain imaging include two qualitative elasticity
scores (the Asteria criteria, a 4-point score similar to
that of breast ultrasound elastography, [84] or the
Rago criteria, a 5-point score [86]) and a
semi-quantitative thyroid stiffness index (strain in
background normal thyroid / strain in thyroid
nodule) [85, 87]. The Asteria criteria is based on four
classes of tissue stiffness: score 1 for soft nodules;
scores 2 and 3 for nodules with an intermediate
degree of stiffness; score 4 for stiff lesions [84].
Similarly, the Rago criteria ranges from score 1 (even
elasticity in the whole nodule) to score 5 (no elasticity
in the nodule or in the area showing posterior
shadowing) [86].

Studies using ultrasound strain imaging to
assess thyroid nodules have shown mixed results
(Table 3). A meta-analysis including 639 thyroid
nodules found strain imaging useful for assessment of
malignancy, with overall mean sensitivity of 92% and
mean specificity of 90% (Table 3, [88]). These findings
were challenged by the results of a recent
retrospective study with 703 nodules, which found
that the sensitivity of strain imaging measurements
(15.7% 5-point Rago criteria, 65.4 % 4-point Asteria
criteria) was less than that of B-mode US features
(91.7%) (Table 3, [89]). More recently, a prospective
study with 912 nodules found strain imaging to be
superior to B-mode US features in predicting
malignancy, with a sensitivity of 80.2% and specificity
of 70.3% (Table 3, [90]).

Since B-mode US and strain imaging provide
independent measures, the combination of the
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measurements have been hypothesized to be superior
to either alone for assessment of malignancy. This was
supported by the results of Trimboli et al, where the
combination of the two modalities resulted in a
sensitivity of 97% and negative predictive value of
97%, which is higher than using SI alone (sensitivity =
81%, negative predictive value = 91%) or B-mode
features alone (sensitivity = 85%, negative predictive
value = 91%) [91]. In contrast, Moon et al found the
combination of SI measurements and B-mode US
features was inferior to using B-mode features only
for assessment of malignancy [89].

These mixed results of thyroid ultrasound strain
imaging studies may be due to the different
populations and exclusion criteria used in the various
studies. Specifically, the percentage of malignant
thyroid nodules vary between studies, ranging from
9.4% in Azizi et al [90] to 31% in Moon et al [89].
Further prospective studies with larger cohort size are

5 mm

needed to assess the clinical value of strain imaging in
characterizing thyroid nodules.

Thyroid Shear Wave Imaging

In contrast to strain imaging, SWI of thyroid
nodules provides quantitative measurements (Figure
9). A number of recent SWI meta-analyses have
shown promising results [92-95], with similarities
between the results owing at least in part to the
significant overlap in the included studies. Zhan et al
included pSWE studies and was the largest
meta-analysis (2436 thyroid nodules); they found
pSWE was useful for differentiating benign from
malignant nodules (mean sensitivity = 80%, mean
specificity = 85%, Table 3) [92]. The meta-analysis by
Dong et al also included pSWE studies and found
similarly good results (1617 thyroid nodules, pooled
sensitivity = 86.3%, pooled specificity = 89.5%, Table
3) [95].

Figure 8. B-mode image (left) and color-coded elastogram (right) of a thyroid nodule in the left thyroid gland, imaged with SE on a Philips iU22 system. The nodule appears
hypoechoic with ill-defined borders on anatomical B-mode image. The elastogram shows normal thyroid tissue encoded with blue color (soft tissue) and the nodule with red
color (stiff tissue), suggesting a malignant nodule. This was confirmed by histology which showed papillary thyroid carcinoma.

Figure 9. Transverse B-mode image (left) shows small heterogeneous thyroid nodule (lesion within region of interest) with ill-defined margins and microcalcifications in the right
thyroid lobe, suggesting malignant etiology. Corresponding color elastogram obtained with 2D-SWE on a Toshiba Aplio 500 (right) shows increased stiffness in the nodule (pink
ROI; 32.7 kPa) compared to surrounding normal parenchyma (white ROI; 7.4 kPa), suggesting that the nodule is malignant. Subsequent biopsy confirmed papillary carcinoma.
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A recent prospective study specifically
addressed the question of whether 2D-SWE could
distinguish between benign and malignant follicular
thyroid neoplasms (Table 3, [78]). In this work, 35
patients with thyroid nodules that had an FNA
diagnosis of follicular neoplasms were assessed with
B-mode US and 2D-SWE prior to surgery. Although
B-mode US features were not predictive of follicular
malignancy, higher Young’s modulus estimates were
associated with follicular malignancy (AUC = 0.81,
cut-off value = 22.3 kPa, sensitivity = 82%, specificity
= 88%, positive predictive value = 75%, negative
predictive value = 91%) [78].

The growing number of studies of thyroid
nodule SWI has overall provided encouraging results.
Particularly exciting is the finding that SWI may be
helpful with the difficult diagnosis and thus clinical
management of malignancy in follicular neoplasms. If
the malignancy of follicular neoplasms were better
assessed prior to surgery, a hemi-thyroidectomy
could be preferentially performed for suspected
benign follicular neoplasms, saving patients from the
obligation of lifetime thyroid hormone replacement
from an unnecessary total thyroidectomy.

Limitations of Thyroid Ultrasound Elastography

The following limitations have been highlighted
in the literature:

- Manual external compression in strain imaging
leads to operator dependent variability [96].

- Nonlinearity of tissue stiffness results in greater
stiffness measurements at high degrees of
compression [96].

- Fibrosis within both benign and malignant
nodules can increase stiffness [96].

- Many previous studies are limited due to small
cohort size with patient selection bias and lack of
standardized technique (elastogram color scale,
cut-off values) [97].

- Thyroid nodules greater than 3 cm in diameter
may be unable to be adequately compressed in strain
imaging [97].

- Ultrasound elastography does not give
meaningful information with nodules that have cystic
components, as fluid movement does not reflect
stiffness of the solid component of interest [86, 97].

- Ultrasound elastography cannot be performed
on nodules with a calcified shell because the sound
waves do not penetrate the calcifications to evaluate
the central non-calcified portion of interest [86].

- Coarse calcifications in benign thyroid nodules
can lead to misleading measurements indicating
increased stiffness, which would otherwise be
characteristic of malignancy [84].

In summary, results

using  ultrasound

elastography to distinguish benign from malignant
thyroid nodules are overall encouraging, offering
non-invasive complementary information to B-mode
US. One study even suggests that shear wave imaging
may aid in diagnosis of follicular malignancy when
invasive FNA results are indeterminate [78].
Heterogeneous results of available studies are at least
in part due to selection bias (varying percentages of
malignant nodules) and use of non-uniform scoring
systems (e.g. 4 point or 5 point elasticity score,
stiffness index). In order for these promising
preliminary results to gain widespread clinical
application, further validation with large cohort
prospective studies and standardization of techniques
are necessary.

Kidney

Renal Fibrosis

Chronic kidney disease (CKD) in native kidneys
and interstitial fibrosis in allograft kidneys are the two
major kidney fibrotic pathologies where USE may be
clinically useful. Both these conditions can lead to
extensive morbidity, mortality, and high health care
costs. CKD is a prevalent pathology affecting
approximately 14% of the population [98] and it can
progress to end-stage renal disease requiring dialysis
or renal transplant. Allograft renal interstitial disease
can lead to renal transplant failure. Currently, biopsy
is the standard method for renal fibrosis staging.
Ultrasound elastography methods of strain imaging
and SWI can potentially be useful to noninvasively
detect, stage and monitor renal fibrosis, reducing the
need for renal biopsy [99].

The superficial location of allograft kidneys
allows assessment by strain imaging. Orlacchio et al.
evaluated 50 patients with allograft kidneys by SE
(Philips) and compared USE results with the degree of
histopathologic fibrosis (Fl=mild, F2=moderate,
F3=severe). SE was shown to be useful for predicting
fibrosis in renal transplant patients, mainly for F2-F3
cases, with overall accuracy of 95%. Sensitivity,
specificity, PPV and NPV were 85.7%, 95.5%, 96% and
84% respectively (using a tissue mean elasticity cut-off
value of 46 a.u. - arbitrary units) to diagnose F2-F3
[100].

Strain imaging has also been used to assess
native kidneys, although the difficulty of applying
external compression to the native kidney in the
retroperitoneal location can limit the accuracy of
strain elastograms [99]. Menzilcioglu et al. used SE to
compare native kidneys in patients with and without
CKD. They found the mean strain index value of renal
parenchyma in CKD patients (1.81+0.88) was
significantly higher than in healthy individuals
(0.42+0.30) (p<0.001). However, SE was not able to
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distinguish between different stages of CKD (Table 4,
[101]).

SWI is advantageous to strain imaging in
evaluating kidney fibrosis in both allograft and native
kidneys since it does not depend on external
compression [99]. The majority of studies using SWI
to evaluate CKD (Table 4, [102-105]) have shown that
the shear wave velocity of the renal parenchyma of
CKD patients was significantly lower than in normal
patients. Furthermore, studies have shown significant
correlations between shear wave velocity and
biochemical parameters of CKD. For example, Guo et
al used VIQ/ARFI to show that shear wave velocity
correlated significantly with estimated glomerular
filtration rate, urea nitrogen and serum creatinine
(Table 4,[105]), and Hu et al concluded that shear
wave velocity correlated significantly with serum
creatinine and glomerular filtration rate (Table 4,
[103]). In contrast to the above promising results,
Wang et al. used VTQ/ ARFI to assess 45 patients with
CKD referred for renal biopsy and concluded that
shear wave velocity measurements did not correlate
with any histologic indicators of fibrosis (glomerular
sclerosis index, tubular atrophy, interstitial fibrosis)
and could not distinguish between CKD stages (Table
4, [106]).

Interestingly in SWI of kidney fibrosis, a
negative correlation has been reported between shear
wave velocity and the progression of CKD. For
example, Bob et al. showed that the shear wave
velocity decreased with increasing CKD stage (Table
4, [104]). This is supported by other studies that found
significantly decreased shear wave velocity in CKD
compared to normal kidneys (Table 4 [103, 105]).
These findings are opposite to SWI findings in liver
fibrosis, where increasing liver fibrosis corresponds to
increasing shear wave velocity. The reason for this
difference remains unclear. Asano et al. hypothesized
that the decreased renal blood flow in patients with
CKD reduces kidney stiffness, resulting in decreased
shear wave velocities [107].

Characterization of Focal Renal Lesions

USE may also be helpful for characterizing focal
renal lesions since B-mode US features are not specific
for malignancy. For example, while benign
angiomyolipomas = (AMLs)  typically  appear
hyperechoic on B-mode US, renal cell carcinoma
(RCC) can also present as a hyperechoic lesion in
approximately 10% of cases [108]. Renal cell
carcinoma can also be hypoechoic in 10% of the times,
and potentially be confused with benign cysts [109]. If
USE were able to distinguish benign from malignant
renal masses, additional studies requiring
intravenous contrast and/or using CT or MRI would
be unnecessary. This question has been addressed by
several studies using both strain imaging and SWI
[110-113].

Studies using strain imaging to assess focal renal
masses have shown promising results (Table 3),
although a direct comparison of the studies is difficult
due to differences in technique (strain scales and US
vendors). In a study comparing strain imaging in 28
AMLs and 19 RCCs, strain ratios measured in AMLs
by two radiologists (0.15 + 0.06 and 0.18 + 0.09,
respectively) were significantly lower compared to
RCCs (0.64 £ 0.15 and 0.63 + 0.19), with the best cut-off
value of 0.3 (sensitivity = 95%, specificity = 100%)
(Table 3, [110]). Another study in 71 patients with
histologically examined renal masses compared the
strain index values of malignant and benign renal
masses and concluded that malignant masses are 2.8
times stiffer than benign masses with mean strain
index values of 4.05 and 1.43, respectively. The
sensitivity, specificity, positive predictive value and
negative predictive value were 82.9%, 82.7%, 87.2%
and 77.4% respectively. They also found that the
strain index wvalues of RCCs (4.30 = 2.27) was
significantly higher than that for AMLs (1.28 + 1.01)
(p<0.0001), with sensitivity and specificity of 90.9%
and 82.6% respectively (Table 3, [111]).

Table 4. Summary of ultrasound elastography studies assessing CKD and normal kidneys.

Sens. | Specif.

No. Pat. | Tech. Parameter CKD Normal Cut-off AUC (%) (%) P value Author
98 SE SIV 1.81+0.88 0.42+0.30 0.935 0.956 | 88 95 0.001 Menzilcioglu et al., 2015
45 SWE YM (kPa) 94 44 53 0.78 80 75 0.02 Samir et al., 2015
195 SWE SWV (m/s) | 2.00£0.29 (sev.) 2.81+0.36 2.33 0.895 | 96.4 78.4 0.001 Hu et al., 2014

2.4740.39 (mod.) 25 0.63 71.2 69.8 0.001

2.60+0.37(mild) 2.65 0.735 | 63.8 75 0.001
391 SWE SWV (m/s) | 1.69+0.42 2.15+0.51 1.88 0.752 | 71.87 | 69.69 0.001 Guo et al., 2013
104 SWE SWV (m/s) | 2.06+0.79 2.26+0.81 2.26 0.692 | 86.7 483 0.008 Bob et al., 2015
45 SWE | SWV (m/s) | 2.74% 057 (CKD1) _ _ _ _ _ >0051 | Wang, etal, 2014

2.30 £ 0.27 (CKD2)

2.85 +0.26 (CKD3)

2.60 + 0.40 (CKD4)

1 comparison between CKD stages.
No data available =*—".
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Studies using SWI to assess renal masses have
shown inconsistent results (Table 3). Goya et al
showed promising results using VTQ/ARFI to assess
60 patients with renal masses, with substantially
lower mean shear wave velocities of AMLs (2.19 +
0.63 m/s) compared to RCCs (3.18 £ 0.72 m/s*; * value
corrected by the author after email contact). Also, they
found shear wave velocity values could distinguish
between benign and malignant masses with the best
cut-off value of 2.34 m/s (AUROC = 0.728), and
sensitivity and specificity of 88% and 54% respectively
(Table 3, [112]). In contrast, Guo et al. did not find
significant differences between shear wave velocities
of AMLs (2.49 + 0.63 m/s) and RCCs (specifically clear
cell carcinoma; 2.46 + 0.45 m/s), suggesting that they
have similar physical properties (Table 3, [113]).

Limitations of Renal Ultrasound Elastography

The kidney has many unique properties that
limit use of USE:

- The retroperitoneal position of native kidneys
impairs the application of external compression.

- The kidney’s complex architecture and high
tissue anisotropy can influence shear wave velocity.
Anatomically, the renal cortex is not organized in
linear structures since glomeruli are spherical and
proximal/distal tubes have convoluted shape. The
medulla consists of the loops of Henle, the vasa recta
and the collecting ducts, which have a parallel
orientation spanning from the renal capsule to the
papilla. When the ARFI pulses are sent parallel to
these anatomic structures, shear waves propagate
perpendicular to them, creating various tubular and
vascular interfaces, decreasing the shear wave
velocity, thus, lowering elasticity values. Conversely,
when the ARFI pulse is sent perpendicular to these
structures, shear waves propagate parallel to them,
without any interfaces, increasing their velocities and
resulting in higher elasticity values [114]. As shown
by Ries et al in a MR imaging-diffusion experiment,
anisotropy is 40% in the medulla and 22% in the
cortex [115], since the cortex anatomy is not organized
in linear structures. Another study used in vivo SWI
and also demonstrated higher anisotropy in the
medulla than in the inner and outer cortex: 31.8%,
29.7% and 10.5% respectively [116]. This suggests
SWS measurements are more reliable in the cortex
than the medulla.

- The kidney has an outer fibrous covering,
similar to the liver’s Glisson’s capsule, making any
stiffness measurements sensitive to blood and urinary
pressure [99]. The effects of blood flow on kidney
stiffness was demonstrated by an in vivo study where
ligation of the renal artery produced a decrease in
renal elasticity, conversely, the ligation of the renal

vein increased renal elasticity [116]. In this same
study, urinary pressure was found to have a strong
effect on elasticity measurements in the kidneys.

In summary, USE in both allograft and native
kidneys has shown encouraging results in the
detection of fibrosis, potentially providing a low-cost,
non-invasive imaging alternative to renal biopsy.
However, USE has not been reliable in differentiating
between stages of CKD [101, 105] or grading fibrosis
in transplanted kidneys [117]. Also, the reported
negative correlation between shear wave velocity and
the progression of CKD is poorly understood. Further
work is needed with larger numbers of patients to
evaluate renal fibrosis staging and to understand the
relationship between the progression of fibrosis and
kidney shear wave velocity. Also, only a few studies
have used USE to characterize focal renal masses
(primarily AML vs RCC) with controversial results so
far using existing technology.

Prostate

According to the American Cancer Society,
prostate cancer is the second most common cancer in
men after skin cancer and the second leading cause of
cancer death after lung cancer. About 180,890 new
cases of prostate cancer are expected to be diagnosed
in 2016 in the USA [118]. Prostate cancer is suspected
with elevated or rising levels of prostate specific
antigen (PSA) or an abnormal digital rectal
examination (DRE). When an abnormality is detected,
a 12-core sextant biopsy of the prostate guided with
transrectal ultrasonography (TRUS) is often the next
diagnostic test to rule out prostate cancer [119]. The
core biopsy is conducted in a spatially systematic way
to obtain representative sampling of the entire
prostate gland, since TRUS cannot usually localize the
lesions. TRUS by itself is unreliable in distinguishing
normal prostate gland from cancerous tissue [120],
with sensitivity and specificity ranging from 40 to 50%
[119]. The untargeted biopsy has limitations such as
procedure-related complications (bleeding and
infection), false negative results [121], and a high rate
of detecting indolent cancers, which is of uncertain
clinical benefit [120, 122].

Prostate cancer is usually stiffer than normal
prostate tissue, as established by DRE. Thus, USE may
help detect stiffer areas in the prostate, creating a
color map of stiffness that facilitates the visualization
of abnormal areas. Targeted biopsy facilitated by USE
may potentially reduce the number of necessary
biopsy samples, and thereby the cost and morbidity
compared to multiple blind biopsies. Besides targeted
biopsy, other possible indications for TRUS
elastography may be the characterization of an
abnormal area detected previously by any imaging
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technique (B-mode US, color Doppler US, prostate
multi-parametric MRI) and detection of a lesion not
seen with any previous imaging technique [123].

Prostate Strain Imaging

Strain imaging of the prostate is based on
manually induced slight compressions and
decompressions of the prostate tissue via the
transrectal transducer. Analysis of resultant tissue
deformation is used to generate an elastogram. In
order to improve homogeneity of the deformation, a
water-filled balloon may be placed between the rectal
wall and the probe [124]. As previously discussed,
strain imaging is a qualitative method, so tissue
stiffness is estimated by the differences in strain
between adjacent regions [123].

The diagnostic accuracy of strain imaging in the
prostate has shown improved accuracy over TRUS in
detecting prostate cancer (Table 3). Zhang et al
performed a meta-analysis including SE data from 7
studies (508 patients) compared to histopathology
following radical prostatectomy, showing a pooled
sensitivity of 72% and specificity of 76% for prostate
cancer detection (Table 3, [125]). In another study by
Brock et al in 229 patients with biopsy-proven
prostate cancer using grey-scale ultrasonography and
SE, the sensitivity and specificity of SE in detecting
prostate cancer was 51% and 72% respectively,
compared to 18% and 90% respectively for
conventional grey-scale ultrasonography. Hypoechoic
lesions were classified as suspicious and mean tumor
volume was 2.8 cm? [126]).

Additional studies explored the accuracy of
USE-guidance for TRUS-directed biopsy of prostate
cancer [123]. Teng et al. reported a pooled sensitivity
and specificity of 62% and 79% respectively in a
meta-analysis of 6 studies with 527 patients in
detecting prostate cancer using histology as gold
standard (Table 3, [127]). In another similar
meta-analysis of 16 studies, the reported sensitivity
and specificity ranged between 71-82% and 60-95%
respectively, thus, TRUS elastography appeared to
perform better than unguided systematic biopsy
(Table 3, [128]). In a more recent meta-analysis
including 5 well-designed studies with 1840 patients,
when targeted biopsy by TRUS elastography was
combined with systematic biopsy, the overall
detection rate of prostate cancer showed an absolute
increase of 7-15% [129]. In another study, Salomon et
al included 1024 men who consecutively underwent
SE targeted biopsies in addition to systematic TRUS
biopsies in a primary or rebiopsy setting. The
detection rates for the combination, systematic and
targeted biopsies were 46.2%, 39.1% and 29%
respectively. The relative detection rate was increased

by 18.3% when SE was performed in addition to
systemic biopsy. This author suggested that SE
targeted biopsies could be used to complement
systematic biopsies [130].

Despite these promising results, there are some
studies showing mixed results for the general benefit
of SE targeted biopsy for the diagnosis of prostate
cancer. Schiffmann et al, for example, studied 4,074
sextant biopsy samples (samples obtained from 6
areas within the prostate) in 679 men who underwent
SE targeted TRUS biopsy and systematic biopsy. The
overall sensitivity, specificity, PPV, and NPV were
19%, 90%, 25%, and 87% respectively, when SE
targeted biopsy was performed The low sensitivity
(19%) showed that TRUS elastography could not
accurately detect sextants which harbored prostate
cancer; thus, they did not recommend variation from
the well-established systematic biopsy patterns or a
reduction of the number of biopsy cores based on SE
examination [131].

Prostate Shear Wave Imaging

Several studies have shown good results in
differentiating benign tissue from malignant lesions
by SWI (Table 3). Correas et al. assessed 184 men who
underwent 2D-SWE before US guided 12 core sextant
biopsies. A 35-kPa 2D-SWE cut-off value for
differentiating benign from malignant prostate lesions
yield sensitivity, specificity, PPV, NPV and AUROC
of 96%, 85%, 48%, 99% and 95%, respectively (Table 3,
[119]). In a study performed by Barr et al. with smaller
number of patients (n=53), a cut-off value of 37 kPa to
distinguish between benign and malignant lesions
resulted in a sensitivity of 96.2%, a specificity of
96.2%, a PPV of 69.4%, and a NPV of 99.6% (Table 3,
[132]). Boehm et al. applied a cut-off of 50 kPa which
resulted in 80.9% and 69.1% sensitivity and
specificity, respectively. The corresponding positive
and negative predictive values were 67.1% and 82.2%,
respectively (Table 3, [133]). For a cut-off value of 43.9
kPa, Woo et al. found that prostate cancer could be
predicted with sensitivity, specificity, PPV and NPV
of 43.0%, 80.8%, 15.3% and 94.6% respectively (Table
3, [134]). Although sensitivities and specificities
varied among studies, all of them showed a high
negative predictive value, indicating that SWI could
help reduce the number of biopsies.

Limitations of Prostate Ultrasound Elastography

Strain imaging and SWI have some common
limitations. They are both transrectal techniques
which carry an intrinsic risk of inadvertently applying
excess compression because of the often end-fire
arrangement of the transducer [19] and falsely
increase tissue stiffness measurements. Benign
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conditions such as prostatitis, benign prostate
hyperplasia and prostate calcifications can also
increase stiffness and may results in false positive
results [132, 135].

Strain imaging depends on the operator, who
manually compresses the prostate using the
transducer probe to perform the exam. It is difficult to
maintain uniform compression over the entire
prostate gland, and slippage of the compression plane
may occur, but these problems could be reduced by
training and use of balloon interposition [124].
Additionally due to the requirement of manual
compression, it is more difficult for strain imaging to
detect prostate cancers that have sparse architecture
or are located in areas distant from the posterior
prostate (e.g. transitional zone, anterior part of an
enlarged prostate) [132, 135].

Limitations of shear wave imaging include:
small ROI size which cannot cover the entire prostate
gland at once, requiring the right and left lobes be
imaged separately; slow frame rate of one image per
second; delays to achieve image stabilization for each
plane acquisition; signal attenuation in enlarged
prostates which make the evaluation of the anterior
transitional zone difficult or impossible [136]. Also, in
general correlating elastograms with histology is
challenging since the biopsy specimen is a long tract,
not a single round structure as represented as stiff
areas on the elastogram.

In summary, USE of the prostate is considered a
complementary method to detect prostate cancer and
to guide biopsy. In particular, TRUS targeted biopsy
using elastography appears promising in the
literature. Most studies show good results, with an
increase in the detection rate of prostate cancer.
However, some studies showed mixed results.
Prospective multicenter studies are needed to confirm
the value of TRUS targeted biopsy using
elastography. Although the exclusive use of TRUS
targeted biopsy is not currently validated, its
complementary use with systematic biopsies could be
considered to increase Dbiopsy yields. Also,
preliminary studies using SWE showed its high
negative predictive value, with the potential to reduce
the need for biopsies in normal appearing areas on
SWE. The development of 3D/4D elastography is
already underway and volumetric evaluation of tissue
stiffness in the prostate may further improve its
accuracy. Full volume imaging could also facilitate
registration and fusion of data from various imaging
modalities, thus enabling multi-parametric tissue
characterization above and beyond conventional
single mode imaging [136]. Future studies are also
needed to assess whether USE allows differentiating
aggressive from non-aggressive prostate cancer in

patients on active surveillance of the prostate.

Lymph Nodes

Differentiating abnormal lymph nodes in benign
conditions such as infection or inflammation from
malignant conditions such as metastatic disease or
primary malignances such as lymphoma is clinically
important.

Noninvasive characterization of lymph nodes is
challenging. In CT and MR imaging, determination of
lymph node malignancy is predominantly based on
size criteria. However, up to 30% of lymph nodes less
than 5 mm have been shown to have malignant
infiltration in lung, esophageal, gastric, pancreatic,
and rectal cancers [137]. B-mode US evaluates shape,
density, and distinction of borders in addition to size,
but sensitivity and specificity only exceeds 80% when
all 4 features are present [138]. Doppler ultrasound
demonstrates hilar predominant vascularization with
normal and reactive lymph nodes, which can be lost
or become more peripheral or mixed with metastatic
disease. However, these Doppler findings can be
difficult to assess with small lymph nodes and have
not increased sensitivity [137]. Contrast enhanced
ultrasound has shown centripetal inhomogeneous
enhancement with perfusion defects in malignant
lymph nodes in distinction to the centrifugal
homogeneous enhancement of benign lymph nodes,
but results have been inconsistent. Also, both
malignant lymphoma and benign reactive lymph
nodes can have homogenous contrast enhancement
[137].

Fine needle aspiration (FNA) is the gold
standard for diagnosis of lymph node malignancy.
This can be done with superficial lymph nodes
through conventional ultrasound guidance, or in
conjunction with endoscopic ultrasound (EUS) to
sample lymph nodes of the gastrointestinal tract or
adjacent organs. Although FNA is safe and well
accepted, limitations include insufficient sampling,
bleeding, infection, and track seeding [139]. In
particular with EUS-FNA, sampling is relatively
contraindicated if the primary tumor blocks access to
the suspicious lymph node, as traversal of the
primary tumor by the sampling needle may lead to
track seeding [139, 140]. In both FNA of superficial
lymph nodes and EUS-FNA of deep lymph nodes,
false negative results can occur when metastatic
infiltration is focal and the benign portion of the
lymph node is unknowingly sampled. For example,
the median diameter of celiac lymph node metastatic
infiltration was only 4 mm when the EUS-FNA was
negative [141].

Ultrasound elastography has recently been
evaluated to assess lymph node stiffness as a potential
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additional imaging feature that may help in
differentiating benign from malignant lymph nodes.
Metastatic lymph nodes have been shown to have
increased stiffness compared to the adjacent soft
tissue or benign lymph nodes [142, 143], while most
reactive processes do not change the stiffness of
lymph nodes and may be barely distinguishable from
the adjacent soft tissue [137, 143]. These properties
could aid selection of lymph nodes for biopsy (Figure
10) and may provide needle guidance on the sampling
regions if for example a volumetric stiffness map
could be generated.

Lymph node strain imaging

Ultrasound elastography strain imaging of
lymph nodes is quantified by using the strain ratio
(strain of normal reference tissue / strain of
investigated lymph node) or elasticity score, similar to
that used in breast or thyroid ultrasound strain
imaging. With lymph nodes, the surrounding
subcutaneous fat or the sternocleidomastoid muscle
have been used as the reference tissue [142, 143].
Elasticity scores are assessed by the pattern of the
color elastogram, with multiple scoring systems in use
ranging from assignment of 4 to 8 total pattern scores
[143].

A number of studies have assessed ultrasound
elastography strain imaging of lymph nodes. A recent
meta-analysis of 9 studies including strain imaging of
835 lymph nodes (cervical, axillary, groin; malignant
lymph node rate 42-62.4% from numerous primary
malignancies) with histopathology and/or imaging as

Alta Diagnosticos

the reference standard, showed promising results in
distinguishing malignant from benign lymph nodes,
with sensitivities and specificities of 88% and 81% for
strain ratio and 74% and 90% for elasticity score,
respectively (Table 3, [144]). However, a separate
study assessing 89 biopsy-proven cervical lymph
nodes (37 benign: reactive, histiocytic necrotizing
lymphadenitis, tuberculosis; 52 malignant: various
primary sites) with strain imaging showed high
sensitivity but low specificity for differentiating
benign from malignant lymph nodes, with
sensitivities and specificities being 98.1% and 64.9%
for strain ratio and 88.4% and 35.1% for elasticity
score, respectively (Table 3, [145]). In contrast, Alam
et al. assessed 85 enlarged cervical lymph nodes to
differentiate reactive (n=32) and metastatic nodes
(n=53) from various primary malignancies, using
histopathology, imaging, or clinical response as the
reference standard, and found that using an elasticity
score yielded a high specificity of 100% with a
sensitivity of 83% (Table 3, [146]).

Studies evaluating EUS strain imaging of lymph
nodes adjacent to the digestive tract have shown
mixed results. For example, one study assessed 53
lymph nodes in the setting of upper gastrointestinal
tract cancer and found that EUS strain imaging was
superior to EUS B-mode US in distinguishing
malignancy, with a sensitivity of 83% and specificity
of 96% (Table 3, [138]). However, another recent study
found that EUS elastography was not better than
standard EUS to distinguish malignancy [147].

TIS0.1 MI 0.7
L12-5/ELASTOG

Figure 10. B-mode image (left) of a cervical lymph node shows a hypoechoic rounded lymph node. Elastogram (right) demonstrated that the lymph node is stiffer compared to
surrounding tissue (homogeneous blue color elasticity signal on SE imaging with a Philips iU22 system), suggesting an abnormal lymph node that warrants biopsy. Subsequent

biopsy resulted in the diagnosis of tuberculous lymphadenitis.
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Lymph node shear wave imaging

A small but growing number of studies have
evaluated SWI for lymph node characterization (Table
3). For example, in one study assessing 55 cervical
lymph nodes (24 benign: reactive, tuberculosis; 31
malignant: varied primary malignancies) with
2D-SWE versus FNA cytology as the reference
standard found specificity was as high as 100% but
sensitivity was only 41.9% for predicting malignancy
(Table 3, [148]). A more recent study assessed 100
histologically proven cervical lymph nodes (43
benign: reactive, Kikuchi disease, tuberculosis; 57
malignant: numerous primary malignancies) with
PSWE and found a relatively higher sensitivity of
789% but a lower specificity of 74.4% for the
discrimination of benign and malignant lymph nodes
(Table 3, [149]).

Limitations of lymph node ultrasound elastography

- Available studies showed mixed results and
have small sample sizes along with a significant
selection bias with a high proportion of malignant
cases due to the clinical need for histologic
confirmation [142, 149].

- There is a lack of standardization of strain
imaging techniques. For example, the reference tissue
(usually surrounding subcutaneous fat or muscle) for
computation of the strain ratio, selection of image area
of analysis (box size, shape, distance from
transducer), and color scale of elastograms are not
standardized [143].

- Some malignancies do not increase lymph node
stiffness; specifically, lymphoma may produce soft
lymph nodes that can predominantly have similar
elasticity to surrounding tissue. [143].

In summary, preliminary data on lymph node
USE show mixed results but overall indicate that this
technique may be useful for risk stratification of
malignancy in both superficial lymph nodes and in
deep lymph nodes adjacent to the gastrointestinal
tract via EUS. Specifically, elastography may be used
in combination with B-mode US to increase diagnostic
accuracy [138, 142]. Additional information provided
by EUS-USE may be particularly helpful when the
primary tumor is in the needle path to the lymph
node, a relative contraindication for FNA [140]. So far,
available elastography studies of lymph nodes are
limited by small sample sizes and selection bias
towards malignant lymph nodes, and further research
with larger sample sizes are warranted [142].

Conclusion

Evaluation of diffuse liver disease is the best
validated application of USE and has been widely
adopted for non-invasive detection and staging of

liver fibrosis as well as monitoring liver treatment
response. Focal breast lesion USE has also been well
studied and has been incorporated as an associated
feature in the 2nd edition of the BI-RADS US lexicon.
There is encouraging data that USE may also be used
to assess malignancy of focal liver lesions, thyroid
nodules, focal renal masses, and lymph nodes, grade
renal fibrosis, and guide TRUS-directed prostate
biopsies, but further research with unbiased large
scale studies are still required. Also, technique
standardization to allow comparison of values
between studies and development of new solutions
for current technical limitations and
biologic/physiologic confounders need to be
pursued. USE holds immense potential for various
clinical applications, and continued development will
lead to widespread clinical adoption in the upcoming
years.
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