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Abstract
From the development of x-ray imaging in the late 19th century, the field of medical imaging
developed an impressive array of modalities. These can measure and image a variety of physical
parameters from absorption coefficients to spin–spin relaxations. However, throughout most of the
20th century, the intrinsic biomechanical properties of tissues remained hidden from conventional
radiology. This changed around 1990 when it was demonstrated that medical ultrasound systems
with their fast pulse repetition rate and high sensitivity to motion could create images related to the
stiffness of tissues and their shear wave properties. From there, vigorous development efforts
towards imaging the elastic properties of tissues were launched across different modalities. These
progressed from the research phase, through implementation on clinical scanners, through
extensive clinical trials of selected diagnostic tasks, to government approvals, payer approvals,
international standards statements, and into routine clinical practice around the globe. This review
covers highlights of some major topics of the technical and clinical developments over the last
30 years with brief pointers to some of the remaining issues for the next decade of development.

1. Introduction

Since ancient times, the palpation of tissues was used to provide diagnostic clues as to the state of accessible
tissues and organs. The field of biomechanics developed a modern mathematical framework from the time of
Hooke (1678) and was overviewed in the classic biomechanics textbook by Fung (1981). However, the
development of modern biomechanics was largely separated from radiology throughout their development
phases. Around 1990, it was demonstrated that ultrasound systems could be re-engineered to image the
hidden elastic properties of tissues and whole organs (Lerner and Parker 1987, Lerner et al 1988, 1990,
Yamakoshi et al 1990, Ophir et al 1991, Parker and Lerner 1992). These developments set off a robust and
diverse international effort to optimize strategies for elastographic imaging and then identify key diagnostic
applications.

Today, the biomechanical properties of tissues are widely considered to be important parameters for
tissue characterization, as many of the pathological and physiological changes involve the alteration of tissue
biomechanics (Fung 1981, Sarvazyan et al 1995, Parker et al 2011, Doyley 2012, Glaser et al 2012, Wang and
Larin 2015). It is known that changes in tissue stiffness occur in pathologies such as cancer, fibrosis
associated with liver cirrhosis, and atheroma and calcification associated with arteriosclerosis (Shiina et al
2015). Therefore, a careful evaluation and assessment of the changes in biomechanical properties can provide
a way for early diagnosis and improved treatment of various diseases and lead to a better understanding of
different physiological conditions of cells, tissues, and organs.

Generally, the biomechanics of tissue can exhibit anisotropic, viscous, and nonlinear behavior, and these
properties will differ depending on the direction, extent, and rate of deformation. However, a simple
first-order linear assumption of an elastic and isotropic material has been frequently applied, where stiffness
can easily be expressed using a simple elastic modulus (Landau and Lifschitz 1970, Fung 1981). In the case of
biological tissues, there are a variety of factors that determine stiffness including the tissue’s fatty and fibrous
components. Shiina et al (2015) mentioned that atherosclerotic plaques become stiffer with disease
progression as their composition changes from lipid to fibrotic and calcified tissue. At the macroscopic level,
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Table 1. Examples of reported Young’s moduli of cells, tissues, and organs caused by pathological or physiological changes. In some cases
such as the liver, ranges can be reported, however measurements can depend on techniques employed and experimental conditions.
Adapted with permission fromWang and Larin (2015) and Shiina et al (2015).

Tissue type Tissue condition Young’s modulus (kPa)

Normal 1.3× 103Cornea (Wollensak et al
2003) Collagen cross-linking 5.9× 103

Middle age (40 years old) 5.2
Old age (63–70 years old) 10.6

Lens nucleus (Hollman et al
2007)

Normal <2.5
Mild fibrosis 2.5–7 7.5–11.4
Significant fibrosis 7–9.5 9.6–14.1
Severe fibrosis 9.5–12.5 12.0–18.3

Liver Left column: (Castera
et al 2008) Right column:
(Singh et al 2016)

Cirrhosis >12.5 15.6–20.1
Normal fat 3.2
Normal fibroglandular tissue 3.2
Fibroadenoma 6.4
Ductal carcinoma in situ 16.3
Low-grade invasive ductal carcinoma 10.4

Breast (Samani et al 2007)

High-grade invasive ductal carcinoma 42.5
Younger (3–30 years old) 4.2× 102

Skin (Agache et al 1980)
Older (30–89 years old) 8.2× 102

Relaxation 40.6Skeletal muscle (Shinohara
et al 2010) Contraction 258

Non-fibrous 41.2
Fibrous 354Aortic wall (Lee et al 1992)
Calcified 81.7

the tissue in the margins around a malignant breast tumor is resistant to deformation and feels hard during
palpation; therefore, tissue elasticity will differ depending on the microscopic or macroscopic observation
(Shiina et al 2015). Fortunately, even when the elastic modulus is determined using a simple macroscopic
assumption, it shows a high correlation with disease. For example, previous reviews summarized
measurements in different tissues in terms of the Young’s modulus E (Wang and Larin 2015, Shiina et al
2015), a traditional measure of stiffness of a solid. Table 1 shows the Young’s modulus for different tissues,
pathology, and physiology with measurement scales ranging from cell level to organ level.

A purely mechanical characterization of materials, based on uniaxial mechanical tensile and compression
tests, has frequently been used as the gold standard. This type of measurement relies on the precise
determination of the relationship between stress and the resultant strain (Markowski 1991, Zhang et al
2007). However, the testing procedure is generally destructive. The structural and functional properties of
soft tissues are difficult to maintain during the measurement. As noted by Wang and Larin (2015), in situ
assessment of biomechanical properties is generally impossible using this method.

Thus, a medical imaging approach—now generally termed elastography—was developed for objectively
assessing the biomechanical properties of tissues. Roughly 30 years have elapsed since the first report of a
non-invasive elasticity image using ultrasound (Lerner and Parker 1987, Lerner et al 1988). The next decade
of research and development in many labs was followed by the commercial introduction of ultrasound
elastography. This period of rapid growth has been summarized by several recent books (Zheng and Huang
2016, Hirsch et al 2017, Nenadic et al 2019, Alam and Garra 2020). This review paper’s purpose is to capture
some insights from the past three decades of growth and development, highlight some of the major
approaches and applications, and point towards future growth and unmet needs. Thus, this review is
organized as follows. Section 2 reviews the underlying principles that enable the imaging of biomechanical
properties. Section 3 provides some general classification schemes for organizing the many different
approaches to elastography, in order to give a sense of the major categories and application spaces. Section 4
recounts some of the historical development of the field. Next, the major clinical diagnostic targets are
highlighted in section 5. Technical issues and challenges are summarized in section 6. The evolution of
guidelines and consensus statements from major professional societies around the world are given in
section 7. Finally, some promising technical advances likely to shape the next decade are highlighted in
section 8. In appendix A, we provide a mathematical background for the techniques that comprise
elastography, specifically the basic relations that govern displacement and motion of tissues. In appendix B, a
compendium of acronyms is provided for convenience. These topics, taken together, are intended to provide
a sense of the trajectory of this rapidly evolving field.
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2. Principles of elastography

In many cases it is convenient to model tissue behavior in terms of waves propagating within an elastic or
viscoelastic material. Two types of waves are supported, as shown in table 2: pressure (longitudinal) waves
and shear (transverse) waves which propagate independently in the bulk material, interacting only at
boundaries.

In the shear wave, the yellow arrow indicates the transverse motion and the polarization direction. In the
case of ordinary ultrasound images, pressure (longitudinal) waves are used and their speed cl is defined as:

cl =

√
K

ρ
, (1)

where K is the bulk modulus and ρ indicates the density of the medium, which is approximately 1000 kg m−3

in soft tissues.
For typical biomaterials, the pressure wave speed is orders of magnitude faster than the shear wave speed

(SWS). In the case of soft tissues, the pressure wave speed is typically comparable to the sound speed in water
(cl = 1500 m s−1). Thus, there is little contrast difference in K between tissues (Shiina et al 2015).

On the other hand, the shear wave equation can be obtained from the basic equations of motion (see
appendix A) by noting that there is no volume change as layers of material move in shear, transverse to the
direction of propagation (Graff 1975), so the dilatation term∇· u= 0. The shear wave equation is then:

∇2u=
1

c2s
ü, (2)

where the SWS is

cs =

√
µ

ρ
, (3)

and µ is shear modulus. This equation can either be solved in terms of standing waves or propagating
waves, depending on the particular conditions. In order to be consistent assuming cl = 1500 m s−1,
biological tissues are nearly incompressible with Poisson’s ration υ approaching the limit of 0.49< υ < 0.5.
In this regime as υ approaches 0.5, the shear modulus is related to Young’s modulus E as:

µ=
E

2(1+ υ)
→ E

3
. (4)

Thus, for a nearly incompressible isotropic elastic material, a measurement of the SWS cs =
√

E/3ρ can
be used to obtain an estimate of the stiffness E of the material. Furthermore, in elastographic imaging
experiments, the focus of attention is typically on the shear wave properties and not on longitudinal pressure
wave properties, which have already been investigated extensively for ultrasound images.

Equations (1) and (3) indicate that the larger K and µ are, the stiffer the medium is, and the faster the
waves will propagate. The shear waves will attenuate rapidly and disappear in the MHz ultrasound band, but
when the frequency is below 1 kHz, attenuation is lower and they can propagate within organs in vivo.
Moreover, their velocity is quite low (cs = 1− 10 m s−1) compared with longitudinal waves, so µ is in the
range of 1–100 kPa. Thus, there is a large difference among tissues’ stiffness, which enables elastography
methods to reconstruct images with high tissue contrast (Sarvazyan et al 1998, Sarvazyan and Hill 2004).

For methods that include shear waves, equation (12) in appendix A is also the starting point, and for the
sinusoidal steady state case, this equation simplifies to equation (2) and the one-dimensional (1D) solution
to transverse displacement uy (x) is sinusoidal with a characteristic wavelength λ, and where the
displacement in the y direction corresponds to the shear wave displacements shown in figure 1 and table 2.
Any direct estimate of wavelength yields the Young’s modulus E using the limiting form of equation (4) for
nearly incompressible materials, and this principle forms the basis for many imaging approaches.

3. Classification of elastographymethods

Over time, several groups have proposed different approaches to measure SWS, shear modulus, Young’s
modulus, and other mechanical parameters to correlate them with the elastic tissue properties. Overviews of
the different classes of techniques can be found in review papers such as (Greenleaf et al 2003, Parker et al
2011, Doyley 2012, Glaser et al 2012, Barr 2014, Wang and Larin 2015, Shiina et al 2015, Mulligan et al 2016),
but the important specific details will be described in section 4. Generally speaking, all simple linear
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Figure 1. Spatio-temporal characteristics of mechanical loading in ultrasound elastography. This figure is a summary of excitation
methods from quasi-static through dynamic vibration and tone burst; it is not meant to imply that these are the only possible
approaches. The displacement field uy is illustrated for each case. Strain E: strain elastography; Transient E: transient elastography;
CWS: crawling wave sonoelastography; MRE: magnetic resonance elastography; Harmonic E: time harmonic elastography;
R-SWE: reverberant shear wave elastography; ARFI: acoustic radiation force impulse; SMURF: spatially modulated ultrasound
radiation force; STL: single tracking location; CUSE: comb-push ultrasound shear elastography. Adapted with permission from
(Parker et al 2011, Mulligan et al 2016). Generally from left to right the shear excitations or applied forces have higher frequencies,
and so the type of shear that is propagated changes shape according to the particular solutions of equations found in appendix A.

responses of tissue can be captured by equation (12) in appendix A, and this simplifies further due to special
conditions such as quasi-static displacements (equation (13)) or shear wave excitation
(equations (2) and (3)). In fact, the time-dependent terms can be seen as important drivers of the particular
response of tissues, and this leads naturally to a continuum, or spectrum, of approaches from very slow
motion to sinusoidal steady state motion, to impulsive motion as depicted in figure 1.

Elastography is generally classified by the particular imaging modality, the measured physical quantity,
and the applied stimulus or load that is utilized. Considering the range of imaging modalities and their types
(Wang and Larin 2015, Mulligan et al 2016), one way to categorize the different modalities for elastography is
by their respective spatial-scale coverage and their penetration depth (see figure 2). Each imaging modality
has different features and can be characterized by factors such as the spatial resolution, field-of-view limits,
imaging speed, and displacement sensitivity.

Another way to categorize the more widely used approaches is by the class of applied stimulus:
quasi-static, harmonic (continuous), or transient waves (see figure 3). Each one of these has unique
mathematics and approaches for inverse solutions, but all rely on a continuum of biomechanical responses
(Parker et al 2005, Doyley 2012). In the next sections, the methods that have been integrated into clinical
practice are categorized by the applied excitation load into the following groups:

4. Historical development

4.1. Prior studies of tissue motion
As the field of biomechanics progressed, different techniques were used to study inherent physiological
motion and the response of tissues to applied motions. Landmark research that presages the later
development of elastography was done in the 1950s at Wright Patterson Air Force base. An elegant
mathematical treatment of an oscillating sphere in a viscoelastic medium was published by Oestreicher
(1951) as a model for slow waves (shear) and fast waves (compression) in tissues. These results had profound
implications for later tissue elasticity imaging including the presence of longitudinal shear waves (Carstensen
et al 2008, Carstensen and Parker 2015). Next, from the same group, Von Gierke et al used a strobe light to
quantify surface waves across the human thigh, generated by a vibrating piston source in contact with the
skin at 64 Hz. The surface wavelength and wave speed were estimated (von Gierke et al 1952), which could be
related to material properties of an ideal semi-infinite medium (Graff 1975).

In later decades, the evolution of medical ultrasound systems with A-mode, M-mode, and then real time
B-mode provided the means for localized in vivo assessment of deep tissue response to internal or external
forces or compression by the ultrasound transducer (Gros et al 1978, Hill and Kratochwil 1981, Guyer et al
1986, Ueno et al 1988, Tristam et al 1988, Bamber et al 1988).

The study of naturally occurring motions sought to discriminate between healthy and abnormal
conditions. For example, Wilson and Robinson developed a radio frequency (RF) M-mode ultrasound signal
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Figure 2. Comparison of different imaging modalities in elastography based on penetration depth and resolution. AFM: atomic
force microscopy; BM: Brillouin microscopy; OT-M: optical tweezers-based microrheology; OCE: optical coherence elastography;
HI: holographic imaging; UE: ultrasound elastography; MRE: magnetic resonance elastography. Adapted with permission from
(Mulligan et al 2016).

processing technique to measure small displacements of liver tissue caused by the radial expansion of arteries
within the liver from cardiac pulsations (Wilson and Robinson 1982). Dickinson and Hill estimated a
correlation coefficient between successive A-scan lines to quantify tissue motion. Assuming small
displacements, the decorrelation was modeled as being proportional to displacement (Dickinson and Hill
1982). Tristam et al (1986) further developed the technique to investigate the responses of normal and
cancerous liver to cardiac pulsation. De Jong et al (1990) also used a modified correlation technique to
measure tissue motion.

Fetal lung elasticity was investigated as an important parameter of fetal lung maturity by Birnholz and
Farrell (1985) using ultrasound assessment of lung motion near the heart. Adler et al (1990) applied
quantitative correlation techniques to digitized M-mode images to measure the temporally and spatially
averaged systolic to diastolic deformation.

Holen et al (1985) characterized the Bessel-band Doppler spectrum when using Doppler ultrasound to
examine unusually oscillating heart valves. Taylor (1976) proved that the Doppler spectrum from a vibrating
target is mathematically analogous to a pure-tone frequency modulation (FM) process.

Cox and Rogers studied the Doppler ultrasound response of fish auditory organs to low-frequency
sound. They estimated the vibration amplitude of the hearing organ from the FM theory and specifically the
ratio of the carrier to the first side band of the Doppler spectrum (1987).

At much lower frequencies in human tissues, Eisensher et al used M-mode ultrasound to track tissue
motion induced in breast and liver tissue by a 1.5 Hz vibration source. They found that the quasi-static
compression response from benign lesions was more sinusoidal, whereas the response from malignant
tumors tended to be more nonlinear (Eisensher et al 1983).

Krouskop et al (1987) proposed a quantitative measurement of tissue elasticity using gated pulse Doppler
to detect tissue motion subjected to an external vibration. They implied that an estimate of tissue stiffness
could be determined in a very small region, i.e. 0.5× 0.5 mm, within a homogeneous medium. Collectively
these studies demonstrated that ultrasound, especially M-mode and Doppler interrogations, could contain
quantitative parameters that relate to the material properties of tissues, relevant to the assessment of normal
vs. pathological conditions.
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Figure 3. Elastographic methods categorized by measured physical parameter (columns) and type of excitation (rows). Approved
clinical scanners employing these techniques are also represented. Adapted with permission from (Shiina et al 2015).

4.2. Vibration sonoelastography imaging
4.2.1. Vibration-amplitude sonoelastography
The transition to imaging the biomechanical properties of tissue was initiated by sonoelastography
techniques, defined as the application of a continuous low-frequency vibration (between 40 and 1000 Hz) to
propagate shear waves in tissues (Lerner and Parker 1987, Lerner et al 1988). The simplest real-time imaging
version of sonoelastography utilized the color Doppler display of the amplitude of the propagating shear
waves in sinusoidal steady state, and this was denoted as vibration-amplitude sonoelastography. In cases
where a stiff lesion is present in soft tissues, a deficit in the normal vibration patterns can be seen in the
real-time vibration images. This approach was used as a tool to display the early shear wave propagation
experiments in phantoms and tissues (including modal patterns within regular boundaries). Using the
information from images, the SWS of sound within an organ could also be determined
(Parker and Lerner 1992).

The first vibration-amplitude sonoelastography image is shown in figure 4. This inaugural image
mapped out the vibration amplitude within a sponge and saline phantom containing a hard lesion (the dark
area). As the phantom was vibrated from below, range-gated Doppler was used to determine the vibration
amplitude of the phantom’s interior.

Researchers at the University of Rochester next employed a modified color Doppler instrument to create
real-time vibration-amplitude sonoelastography images, wherein vibration above a certain level
(∼2 microns) produced a saturated color (figure 5).

7
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Figure 4. Original imaging data and schematic of the first known image of relative stiffness, derived from Doppler data in a
phantom with applied vibration. The original image was published in 1987 and 1988 (Lerner and Parker 1987, Lerner et al 1988)
and marks the emergence of elastographic imaging. This figure is used with permission, (Alam and Garra 2020), page 46,
copyright Elsevier.

Figure 5. A representative first-generation image of vibration sonoelastography, circa 1990. Doppler spectral variance is
employed as an estimator of vibration in the 2–10 µm range and displayed over the B-scan images. No color implies low
vibrations below threshold. Shown is the fill-in of vibration within a whole prostate, with a growing cancerous region
indicated by the deficit of color within the peripheral zone. IG, inner gland; L, left zone; PZ peripheral zone; R, right. This
figure is used with permission (Alam and Garra 2020), page 47, copyright Elsevier.

4.2.2. Vibration-phase sonoelastography
Independently, researchers at the University of Tokyo developed a vibration phase gradient approach
(Yamakoshi et al 1990). Sato’s group mapped the phase and amplitude of low-frequency wave propagation in
tissues. This provided quantitative estimates of wave propagation velocity and dispersion (linked to tissue
elasticity and viscosity).

4.2.3. Modal pattern and eigenmodes analysis in sonoelastography
These initial imaging techniques were further reinforced by tissue elastic constant measurements, finite
element modeling results, inhomogeneous phantoms, and ex vivo tissue sonoelastography (Lerner et al 1990,
Parker et al 1990, 1993).

Thus by 1990, the nascent field of vibration sonoelastography (also called sonoelastography and
sonoelasticity at this time) included real-time imaging techniques and stress–strain analysis of human
tissues, such as the prostate. The accumulating evidence from tissues and finite element models
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Figure 6. Schematic image to illustrate the strain images produced by early compression elastography. When a very small pressure
is applied to tissue with the ultrasound probe along the axial direction, the tissue deformation can be measured using a 1D spring
model. This is obtained by calculating the correlation between the RF signal acquired by the probe, before and after compression.

demonstrated convincingly that conventional ultrasound Doppler imaging scanners could image vibrations
and shear wave patterns so as to detect areas with elevated Young’s modulus values.

A confirming result was published in 1992 (Parker and Lerner 1992), demonstrating that vibrational
eigenmodes could be created in organs, including the liver and kidneys, where surfaces create coherent
reflections of sinusoidal steady-state shear waves. Stiff lesions produced a localized disturbance of the
eigenmode pattern and, from the regular patterns imaged at discrete eigenfrequencies, the Young’s modulus
of the background could be calculated. These early demonstrations of single frequency shear waves have
broadened into a wide category of harmonic shear wave approaches as will be discussed in section 4.4.3.

4.3. Strain imaging
4.3.1. Quasi-static elastography
Two-dimensional (2D) tissue strain estimates were introduced by Ophir et al (1991) at the University of
Texas at Houston. Quasi-static or compression elastography, the first type of elastography to be incorporated
into clinical scanners (Doyley 2012, Shiina et al 2015), utilizes a comparison of ultrasound B-scan RF
information from tissue before and after a modest compression. It measures the axial strain induced within
the tissue using either manual compression or cardiovascular/respiratory pulsation. A small motion is
induced within the tissue (typically on the order of 2% of the axial dimension (Doyley 2012)) with a
quasi-static mechanical source (usually the hand-held transducer). The axial component of the internal
tissue displacement is then measured, usually by performing a cross-correlation analysis on pre- and
post-deformed RF echo frames. Then, strain elastograms are produced by spatially differentiating the axial
component of displacement. The concept can be explained by invoking the stress–strain relations under a
simple uniaxial (1D) displacement. This was modeled by the use of springs, as depicted in figure 6.

In quasi-static elastography, soft tissues are typically modeled as a series of 1D springs that are arranged
in a simple fashion as depicted in figure 6. The stiffest spring will compress the least. Thus, by calculating the
strain (the derivative of displacement), areas of relative stiffness could be identified and imaged as low strain
regions. For this simple mechanical model, the measured strain (ε) is related to the internal stress (σ) using
Hooke’s law:

σ = Eε, (5)

where E is the Young’s modulus of the tissue.
As shown in figure 6, when a very slight pressure is applied to tissue with a probe in the beam direction,

displacement δ (z) at each site z is calculated by comparing the echo signal before and after compression. The
strain ε is approximated as the difference in displacement between two points (δ1, δ2) divided by their
pre-compression distance L:

ε=
dδ

dz
→ δ2 − δ1

L
. (6)

In equation (5), Young’s modulus E can be obtained if stress σ and strain ε are known. However, because
it is difficult to actually calculate the stress distribution in vivo, it is typically assumed to be constant (i.e.
σ ≈ 1) (Doyley 2012). As a result, stiff segments with a large E will have a small strain ε; therefore, strain
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images may approximate relative stiffness across an image, which may be simple to interpret. The advantage
of this technique is that the hand-held ultrasound scanning transducer can be used to produce a localized
compression up to the normal diagnostic depth of superficial organs such as the breast and thyroid gland.
On the other hand, the disadvantages include the relative nature of the strain image, the requirement for
nearly uniform strain to interpret the image, the tendency of objects to move out-of-plane during
compression, and the difficulty of compressing deeper organs. The stress is not easily transmitted to deep
organs such as the liver (Parker et al 2011, Doyley 2012, Shiina et al 2015).

Quasi-static elastography was originally developed as an ultrasound imaging technique (Ophir et al 1991,
O’Donnell et al 1994, Bamber and Bush 1996, Sumi 2005), but other medical imaging modalities such as
magnetic resonance (MR) (Fowlkes et al 1995, Plewes et al 2000) and optical coherence tomography (OCT)
(Mulligan et al 2016) have also been used to measure the relative stiffness. Strain elastography (SE) has been
commercialized and is currently being used in various fields of clinical medicine, including breast cancer
diagnosis (Hall et al 2003, Itoh et al 2006, Shiina et al 2015).

4.3.2. Acoustic radiation force impulse (ARFI) imaging elastography
Acoustic radiation force (ARF) results from the transfer of momentum from the propagating ultrasonic wave
to the tissue through which it is propagating due to absorption and scattering mechanisms. The magnitude
of the applied ARF (F) can be related to the acoustic absorption (α), the speed of sound (c) in the tissue, and
the temporal average intensity of the acoustic beam (I) by (Nyborg 1965, Torr 1984):

F=
2αI

c
. (7)

The transfer of momentum from the propagating acoustic wave to the tissue is defined by the duration of
the acoustic pulse. Thus, tissue deformation can be induced using focused ARF excitation.

Although radiation force has a long history in physics and acoustics (Sarvazyan et al 1998, 2010), the use
of ARF as a tissue characterization modality was proposed by Sugimoto et al (1990) as a laboratory system
that applied radiation force to a tissue sample, while measuring the resulting displacement with an ultrasonic
probe. The use of ARFI in an imaging system with estimates of displacements from deep internal tissue was
described by Nightingale et al (1999, 2001) and this approach became commercially available. ARFI provides
multiple parameters and strategies, for example one can map the maximum displacement as points are
successively pushed, or the relaxation time following each push. Imaging pulses before and after application
of focused ARF push pulses are used to monitor the tissue displacement (as a measure of deformation)
within the region of the excitation. The same transducer is used to generate the push pulse as well as to
monitor the resulting tissue displacement. The tissue displacement response is directly related to the
magnitude of the applied force and inversely related to the tissue stiffness. Thus, images of tissue
displacement that show relative differences in stiffness can be generated, with information somewhat
analogous to the images generated in quasi-static elastography.

The advantages of ARFI stem from the fact that a pushing pulse of radiation force can be focused and
applied to different imaging systems. ARFI does not rely on transducer compression as the quasi-static SE
methods do, and thus, it has the advantage of being able to focus the ‘push’ within organs, where it would be
difficult to generate deformation with compression from the body surface. However, ARF is a relatively weak
effect, thus high intensities and heating of the system and tissue place limits on the resulting displacements
(Palmeri and Nightingale 2004). In addition, as with quasi-static elastography, nonlinear tissue responses can
be generated by transducer compression, so minimal compression should be applied during ARFI imaging.
Moreover, the push pulses are of longer duration than standard ultrasound diagnostic pulses, and current
methods typically employ relatively low frame rates to maintain acoustic output within diagnostic limits
(Parker et al 2011, Shiina et al 2015). The effective depth of ARFI in current systems is limited to about
6.5 cm (RSNA/QIBA 2012).

The technique has been demonstrated in a variety of tissues including breast (Sharma et al 2004),
prostate (Zhai et al 2010, 2012), and for delineation of stiff RF ablation lesions (Fahey et al 2004, 2005). ARFI
has also been applied using optical coherence elastography (OCE) (Larin and Sampson 2017).

4.4. Shear wave imaging
Currently, the largest group of techniques in elastography employ shear wave phenomena associated with
transient and harmonic approaches. A subset of transient and broadband techniques utilizes shear wave
results from ARF push pulses (Sarvazyan et al 1998) or external push pulses (Catheline et al 1999a) of
short-duration pulses as an initial condition, which then results in a propagating shear wave. By tracking of
the propagating wave, the SWS can be estimated, and this yields the Young’s modulus, or stiffness, of the
material (Sarvazyan et al 1998). A variety of approaches employing radiation force, with diverse clinical
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applications, have been developed (Fatemi and Greenleaf 1998, Nightingale et al 1999, Konofagou and
Hynynen 2003, Bercoff et al 2004b, Mcaleavey and Menon 2007, Parker et al 2011, Hazard et al 2012, Hah
et al 2012). When these techniques estimate the propagation of a broadband shear wave pulse, the results can
be classified as group velocity estimates.

Another subset of techniques apply continuous harmonic shear waves. Harmonic schemes can employ
sinusoidal steady-state excitations or decompose a harmonic ensemble into its frequency components. A
major expansion of single-frequency sinusoidal shear wave excitations was launched with magnetic
resonance elastography (MRE) approaches (Muthupillai et al 1995). Others included crawling waves (Wu
et al 2006), and reverberant shear waves (Parker et al 2017, Ormachea et al 2018). When these techniques
estimate shear wave propagation around a single frequency, the results can be classified as phase velocity.

Additional estimations have been developed for underwater acoustics and geomechanics using random
signals (Roux et al 2005) and these have been extended to noise correlation measurements and time reversal
solutions in soft tissues (Sabra et al 2007, Catheline et al 2008, Gallot et al 2011, Brum et al 2015, Rabin and
Benech 2019).

4.4.1. Transient elastography (TE)
Although the term ‘transient elastography’ has been used to categorize a broader class of methods based on
ARF in different reviews (Parker et al 2011, Doyley 2012), only the method that uses a controlled external
vibrator is considered TE in this section, following the classification scheme used by Shiina et al (2015).

In TE, a low frequency (50 Hz) external mechanical vibrator was integrated with an ultrasound M-mode
system (Catheline et al 1999b) in the laboratory of Professor Mathias Fink at Paris University. Later, Sandrin
et al (2003) implemented this technique in a stand-alone clinical device which became the first commercially
available ultrasonic shear wave measurement system, FibroScanTM (Echosens, Paris, France). This device
does not require integration into a conventional imaging system. Its integrated applicator can be applied
through the ribs to excite a short vibration tone burst which propagates into the liver. The ultrasound
tracking provides the particle displacement along the axial center line, and from this a global estimate of liver
elasticity can be estimated (it is specifically designed for measuring liver stiffness without displaying a
B-mode image.). The ultrasound transducer has a fixed focal configuration, and the SWS that is measured
corresponds to the group SWS in the region of tissue along the A-line that is imaged by the transducer. The
FibroScanTM displays the corresponding Young’s modulus, computed using equation (4) (Sandrin et al 2003).

4.4.2. ARF-based shear wave elastography (SWE)
Sarvazyan et al (1998) proposed a method that used a focused ARF beam ‘push pulse’ to generate local shear
waves, and ultrasonic imaging was used to monitor the resulting shear wave propagation away from the
radiation force push location. Since the same transducer can be used to generate the shear waves and to
image their local propagation, it was possible to use B-mode image guidance during the measurement.

The different ARF-based modalities report a group SWS and/or Young’s modulus (‘point’ SWS
measurement) in a local region of interest, as well as 2D images that depict the SWS and/or Young’s modulus
at rates of up to a few frames per second (Shiina et al 2015). ARF can be applied at a single focal location or a
multiple focal zone configuration in which each focal zone is interrogated in rapid succession, enabling
real-time shear wave images to be formed. For the latter configuration, Bercoff et al (2004b) developed an
ultrasound scanner with an ultra-high frame rate (i.e. 10 K frames per second) that was capable of tracking
the shear waves propagating from an ARF impulse within the tissue (for illustration see figure 7). Multiple
focal ARF impulses are fired at a rapid rate (compared to the relatively slow shear wave propagation). This
approach has been termed ‘supersonic shear imaging (SSI)’ and is implemented in a SSI scanner (Bercoff
et al 2004a, 2004b). This approach has been used to study the viscoelastic properties of breast lesions (Tanter
et al 2008), muscles (Deffieux et al 2008), and liver (Muller et al 2009), and is now a well-established
approach to ultrasonic elastography (Cosgrove et al 2013).

Other ARF-based methods have been reported as well. Fatemi and Greenleaf (1998) proposed a
technique known as vibroacoustography which uses ARF to vibrate tissues in the kHz range, using two
overlapping ultrasound beams with slightly different frequencies. The resulting tissue mechanical response is
dependent on the local acoustic mechanical properties of tissue that are obtained using a hydrophone.
Vibroacoustography could visualize microcalcifications with high contrast resolution (Fatemi and Greenleaf
1998). Konofagou and Hynynen (2003) devised localized harmonic imaging (HMI) using an amplitude-
modulated focused beam, for the detection of localized stiffness. They tracked radiofrequency signals and
estimated localized oscillatory motion produced by a harmonic radiation force using two focused ultrasound
transducer elements. HMI was used for sonication and monitoring of thermal ablation in tissues (Maleke
and Konofagou 2008) and to extract viscoelastic parameters (Vappou et al 2009). Mcaleavey et al (2007)
devised a method termed ‘spatially modulated ultrasound radiation force’ (SMURF). In this technique,

11



Phys. Med. Biol. 65 (2020) 24TR06 J Ormachea and K J Parker

Figure 7. (left) Representation of shear wave measurements from multiple focused radiation force excitation beams, at different
depths, which creates push pulses. The constructive shear wave interference forms a supersonic cone and a quasi-plane shear wave.
(center) The ultrasound system then uses an ultrafast imaging mode to track the propagating shear waves through the medium.
(right) Examples of particle velocity signals in time at different positions with their corresponding frequency spectrum range.

instead of utilizing a sharp focal region to deliver an ARF impulse to the tissue, a shear wave of known spatial
frequency is generated, by using array beamforming techniques to produce a shear wave of a desired
wavelength, and then the temporal frequency response of the vibrating tissue is measured as the wave
propagates through a point. Then, Elegbe and Mcaleavey (2013), proposed a different ARF-based approach
to track the induced shear waves termed ‘single tracking location ARF’. In this approach, it was found that
another source of error was the speckle-induced bias in phase estimation. The authors demonstrated that
methods that involve tracking in a single location, as opposed to multiple locations, are less sensitive to this
source of error since the measurement is differential in nature and cancels out speckle-induced phase errors
(Elegbe and Mcaleavey 2013). Song et al (Pengfei et al 2012, Song et al 2013) applied multiple unfocused and
focused ultrasound beams arranged in a comb pattern (comb-push) to generate shear waves. A directional
filter is then used to isolate the left-to-right (LR) and right-to-left (RL) propagating shear waves. Then,
smoother 2D SWS maps were obtained by combining the LR and RL SWS maps. Selzo and Gallippi (2013)
proposed an ARF-based method called viscoelastic response (VisR) imaging. In this approach, displacement
versus time profiles in response to two successive ARF excitations are fit to the mass-spring damper model.
Then, relative elasticity and relative viscosity images are created to characterize the viscoelastic properties.
Some applications of VisR include normal canine muscle (Selzo and Gallippi 2013), mechanical anisotropy
in skeletal muscle (Moore et al 2017), and renal transplant status in vivo (Hossain et al 2018). Additional
applications using ARF have been also reported using OCT (Mulligan et al 2016).

4.4.3. Harmonic SWE
Another broad category of elastography uses continuous wave external vibration sources and can be
classified as harmonic elastography (HE) (Parker et al 2011, Doyley 2012, Shiina et al 2015). This approach
was first explored as an ultrasound-based imaging method (Lerner and Parker 1987, Lerner et al 1988, Parker
et al 1990, Yamakoshi et al 1990), as described in section 4.1, and has grown into a broad set of approaches
across magnetic resonance imaging (MRI), OCT, and ultrasound. In general terms, HE approaches apply a
low frequency (typically <2 kHz) and a spatially localized sinusoidal mechanical source. The shear waves
produced by this excitation are tracked through an internal region using an ultrasound, MRI, or optical
system.

In ultrasound or OCE, the phase and amplitude of the propagating shear waves are estimated by applying
similar techniques to those used in color Doppler imaging (Lerner et al 1990, Parker et al 1990, Yamakoshi
et al 1990). However, in MRI, novel phase-contrast imaging methods were developed (Muthupillai et al 1995,
Plewes et al 1995, Sinkus et al 2000, Weaver et al 2001) to estimate local displacements caused by shear waves.
MR elastography has a number of advantages, including the potential for large volumetric acquisition of 3D
displacement vectors, albeit at the cost of longer acquisition and processing times. A rich set of mathematical
approaches has been applied to derive accurate estimators of stiffness from the vector components of
displacement tracked by MRE (Greenleaf et al 2003, Doyley 2012).
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Figure 8. (a) MRE map of the (age-corrected) stiffness change per BMI unit indicating a strong link between BMI and tissue
stiffness of the globus pallidus (GP) and putamen (Pu). (b) Group-averaged elastogram in an exemplary transversal slice through
the brain covering the Pu and GP. Reprinted by permission from SpringerLink (Hetzer et al 2019).

In any imaging system, if we can assume plane shear wave behavior, an approximate local elasticity is
obtained measuring the local wavelength using equation (3) and:

cs = λfv, (8)

where fv is the instantaneous vibration frequency and λ is the local wavelength. Some examples include the
techniques proposed by Manduca et al (2001) that used a bank of wavelet filters (Knutsson et al 1994) to
estimate shear modulus from local estimates of instantaneous frequency.

Inverse mathematical solutions to the Helmholtz wave equation have been studied in MRE and
ultrasound harmonic shear wave applications (Greenleaf et al 2003, Doyley 2012). For example, in MRE a
multifrequency dual elastovisco inversion technique (MDEV inversion) derives the shear modulus and its
associated lossy or viscous component, by a least squares error solution related to the Helmholtz equation
(Hirsch et al 2014, Hetzer et al 2019). Figure 8 shows the elastography map of brain stiffness (right image),
obtained from a group average across 22 males of varying body mass index (BMI), and also the change in
shear modulus within the brain as a function of BMI over the study population (left image). Highlighted
areas delineate neurological centers known to be associated with obesity and satiation. It is also noteworthy
that this entire MRE reconstruction pipeline is publicly available under https://bioqic-apps.charite.de/Login.

Alternatively in ultrasound inversion techniques, vibro-elastography is a multi-frequency HE approach
in which an external shear wave source is used to excite the tissue and a model is fit to the resulting steady
state tissue motion (Turgay et al 2006, Eskandari et al 2008, Abeysekera et al 2015, Honarvar et al 2015).

Other harmonic shear wave approaches exploit unique characteristics, for example Wu et al (2004)
devised an approach to compute shear modulus images from interference patterns, termed crawling waves,
which were generated using two vibration sources operating at slightly different frequencies. Chen et al
(2009) used a ‘push’ transducer that transmits a continuous amplitude modulated ultrasound beam to
generate harmonic vibrations into the tissue. Then, the generated shear waves were monitored using a
separate ultrasound detect beam. The phase difference of the shear waves between two locations along the
propagation path was used to calculate the SWS. Tzschatzsch et al (2016) created 2D time-harmonic
elastography (2D-THE) using external harmonic stimulation at multiple frequencies to create compound
SWS maps. More recently, reverberant shear waves (Parker et al 2017, Ormachea et al 2018, 2019) have been
proposed for general elastography. In this technique, a profusion of shear waves across different directions is
established, aided by all reflections from boundaries and inhomogeneities. The mathematics of the limiting
case of a three-dimensional (3D) distribution of shear waves leads to a simple local estimator of wave speed
and stiffness covering a full field of view to 16 cm depth. Figure 9 illustrates the generation of a reverberant
shear wave field (steps A to C) and 2D shear speed images obtained from simulated complex shear wave
fields at 300 Hz (case D), and in vivo liver and kidney tissues at 100 Hz (case E).

In the context of commercially available clinical methods, one harmonic-based approach is in general
use. It applies an external, MRI-compatible vibration source to induce harmonic shear waves and is
incorporated into MRI scanners as indicated in figure 3. This is generally termed MRE (Muthupillai et al
1995). It is worth noting that MRE reports its results in terms of the shear modulus, whereas
ultrasound-based shear wave methods report either SWS or Young’s modulus (Glaser et al 2012).

Additionally, harmonic SWE in OCE is typically performed with excitation frequencies within the audio
frequency range (20 Hz–20 kHz). The elastography images are generated from spatially-localized
displacements, or alternatively from the properties of the mechanical wavefields within the sample. Through
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Figure 9. Generation of a reverberant shear wave field. Initially, harmonic and unidirectional shear waves propagate at specific
directions depending on the external vibrator location (cases A and B). With multiple external sources (case C), and considering
the presence of reflections from boundaries, shear waves propagate in many directions. These all contribute to the creation of the
reverberant shear wave field. Once established, the magnitude and phase of the selected frequency component is extracted from
the complex field to measure the local shear wave speed. Case D shows the particle displacement (left) from one simulated
reverberant shear wave field at 300 Hz, and the 2D SWS image (right) obtained using the R-SWE approach. Case E shows an
in vivo liver and kidney B-scan (left). The reverberant field can be observed in the particle displacement (center) image, and the
obtained SWS (right) image using the R-SWE approach, both superimposed on the B-mode image.

the application of a mechanical model, the biomechanical properties are then reflected in terms of the SWS,
shear modulus, or Young’s modulus (Mulligan et al 2016).

An advantage using harmonic-based signals in elastography is that they may produce stronger shear
waves at deeper tissue regions of interest (ROI), and they provide a robust means for determining additional
parameters such the evolution of SWS as a function of frequency (dispersion). The dispersion result could be
linked to more advanced rheological models for better tissue characterization. A disadvantage of HE is that
the spatial resolution of the final elastograms is limited (Doyley 2012) and the approach requires additional
hardware in the form of external vibration sources in order to produce shear waves.

To summarize this history, figure 10 illustrates the evolution of elastography since it was initiated more
than 30 years ago. It shows some of the well-characterized approaches and depicts each technique based on
the excitation load type used and the qualitative or quantitative parameter outputs.

5. Clinical applications using ultrasound elastography

To illustrate the importance of different elastography methods, this section describes some clinical results
demonstrating the diagnostic use of ultrasound elastography. This section is not comprehensive since many
thousands of papers have been published on clinical applications; we highlight only a few of the largest areas
in terms of patient scans and reports. For further details, the following reviews could be used: breast tissue
(Barr et al 2015b), liver tissue (Ferraioli et al 2015), thyroid tissue (Cosgrove et al 2017), and prostate tissue
(Barr et al 2017), along with several applications in Nenadic et al (2019). Parallel results from MRE can be
found in other overviews (Glaser et al 2012, Low et al 2016, Serai et al 2017, Bunevicius et al 2019)

5.1. Breast
SE and ARF-based SWE have been shown to improve characterization for some breast masses. It has been
suggested that the application of both methods on a patient may improve the confidence in the results, and
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Figure 10. The 30+ year timeline of the evolution of elastography methods showing some of the main approaches. Each color
represents the excitation load employed by each method. The italicized names indicate that the method produces a qualitative
output, the non-italicized names indicate that the method yields a quantitative output. The methods are summarized in section 4.

that either of these methods can be used to better characterize any abnormality previously identified on a
conventional B-mode image (Barr et al 2015b).

The utility of SE may be that it could improve the sensitivity and positive predictive value of conventional
B-mode images when diagnosing BI-RADS 3 and 4 focal lesions (Chiorean et al 2008), and it could improve
diagnostic confidence in BIRADS 2 lesions with an elasticity score of 2 or below. It may be used to re-classify
BIRADS 3 lesions with an elasticity score of 2 or below as BIRADS 2 (Tan et al 2008). Other studies showed
that SE can be a tool for evaluation of therapy and for lesions that do form a mass (Nakashima and Moriya
2013). It has been shown that SE has the ability to differentiate between benign and malignant masses using
either the Tsukuba score (Itoh et al 2006) or the EI/B mode ratio (Barr et al 2015b). The EI/B mode ratio
compares the lesion size obtained using elastography to the B-mode size. In (Barr et al 2012), a large
multi-center unblinded trial evaluated 635 biopsy proven cases using Barr’s criteria (an EI/B-mode ratio <1.0
as benign and≥1.0 as malignant (Barr 2010)). The results indicated a sensitivity of 99% and a specificity of
87%. In addition, SE has shown that there are particular strain patterns that can characterize a lesion as cystic
(Barr et al 2015b).

The application of ARF-based SWE improved the characterization of lesions over BI-RADS alone, with a
sensitivity and specificity of 93.1% and 59.4% for BI-RADS and 92.1% and 76.4% with the addition of SWE.
In another study of 158 patients, Chang et al (2011) found that the mean elasticity values were significantly
higher in malignant masses (153± 58 kPa) than benign masses (46± 43 kPa) (p < 0.0001). In another series
of 161 masses, including 43 malignancies, using a SWS cut-off of 3.6 m s−1 (38 kPa), a sensitivity of 91% and
a specificity of 80.6% were achieved (Tozaki et al 2012). Figure 11 illustrates the advantage of using both SE
and ARF-based SWE methods for better breast tissue characterization. Both elastography methods were
applied in a patient and indicated the presence of a possible malignant lesion. Biopsy results confirmed that
lesion corresponded to an invasive ductal carcinoma (IDC).

5.2. Liver
Liver elastography is useful for the evaluation of diffuse liver diseases with, generally, good reproducibility
and improved accuracy in assessing the severity of fibrosis It has been shown that elastography is capable of
distinguishing significant fibrosis (F2 or greater) from non-significant (F0–F1) fibrosis. However, more data
are needed to confirm its use to distinguish between consecutive stages of early fibrosis. Some parameters
such as liver inflammation, liver congestion, and biliary obstruction have been identified as confounding
factors when measuring the SWS or the Young’s modulus (Ferraioli et al 2015, Petitclerc et al 2017).

In TE, liver stiffness values correlated strongly with Metavir fibrosis stages. Some studies (Arena et al
2008, Lupsor et al 2008, Degos et al 2010, Zarski et al 2012) showed a substantial overlap in liver stiffness
between adjacent stages of hepatic fibrosis, particularly for lower stages. In other studies, it can be seen that
TE accurately discriminates cirrhosis from significant fibrosis (area under receiver operating characteristic
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Figure 11. Elastography images for an in vivo breast tissue. Both elastography images were obtained from the same patient using
ARF-based SWE (A) and SE (B). Biopsy results confirmed that lesion corresponds to an IDC. In (A), SWS were higher than
4.5 m s−1 in the lesion area. In (B), the lesion appears larger than in the corresponding B-mode. Both criteria indicate the
presence of a malignant lesion (Barr et al 2015b). Images courtesy of Dr R G Barr.

(AUROC) 0.87–0.98; correct classification 85% to 94%) (AUROC 0.75–0.93; correct classification from 57%
to 90%) (Ferraioli et al 2015). In patients with non-alcoholic fatty liver disease (NAFLD), TE confidently
excluded severe fibrosis and cirrhosis with a high negative predictive value (approximately 90%) (Wong et al
2010). TE has also been evaluated in cholestatic liver diseases (Corpechot et al 2006, 2012), in a variety of
chronic liver diseases (Foucher et al 2006, Ganne-Carrie et al 2006, Fraquelli et al 2007), as well as in
alcoholic liver disease (Nahon et al 2008, Nguyen-Khac et al 2008).

In ARF-based SWE, stiffness estimates ranging from 2.6 to 6.2 kPa have been reported for histologically
proven normal livers (Suh et al 2014). Bavu et al (2011) evaluated 113 patients with chronic hepatitis C. The
results showed good agreement between fibrosis staging and elasticity assessment, and showed a higher
accuracy in assessing mild and intermediate stages of fibrosis. Ferraioli et al (2012) used SWE to evaluate
liver fibrosis in patients with chronic hepatitis C in a pilot study on 121 patients. This study applied optimal
cut-off values of 7.1 kPa for significant fibrosis (F ≥ 2), 8.7 kPa for advanced fibrosis (F ≥ 3), and 10.4 kPa
for cirrhosis (F = 4). AUROC curves were 0.92 (F ≥ 2), 0.98 (F ≥ 3), and 0.98 (F = 4). In addition, it has
been reported that stiffness values are not correlated with liver steatosis (Ferraioli et al 2012, Suh et al 2014)
or with necro-inflammation (Ferraioli et al 2012).

5.3. Thyroid
Ultrasound elastography, using either SE or ARF-based SWE, is a valid and useful additional tool to B-mode
and color Doppler ultrasound in thyroid evaluation. Cosgrove et al (2017) recommended that SE be
combined with conventional ultrasound to improve specificity based on the studies of (Cosgrove et al 2013,
Cantisani et al 2015a, 2015b). The Tsukuba score (Itoh et al 2006), was used in a study of 92 patients, in
which 49 patients were scored 1 and 2, all benign; 13 patients were scored 3, one carcinoma and 12 benign
lesions; and 30 patients were scored 4 and 5, all carcinomas. Thus, scores 4 and 5 were highly predictive of
malignancy (p < 0.0001), with a sensitivity of 97%, specificity of 100% (Rago et al 2007, Rago and Vitti
2008). Several studies have assessed the strain ratio, the ratio between the strain in adjacent thyroid tissue
and strain in the nodule. A cutoff >4.22 resulted in a sensitivity of 81.8%, specificity of 82.9%, and accuracy
of 88% (Ning et al 2012), whereas 3.79 was the best cutoff point in another study, with a sensitivity of 97.8%
and specificity of 85.7% (Xing et al 2011).

Cosgrove et al (2017) showed that ARF-based elastography is useful in evaluating the thyroid stiffness
nodules and differentiating between malignant and benign nodules. Based on Dong et al (2015), SWE has
good sensitivity and specificity for identification of thyroid nodules. Most studies have evaluated SWE for the
differentiation of thyroid nodules in a general population with promising results (Sebag et al 2010, Walsh
et al 2012, Park et al 2015, Liu et al 2015a, 2015b, 2015c, 2015d). Park et al (2015) reported a mean stiffness
value >85 kPa or a maximum value >94 kPa as an independent predictor of malignancy. Zhang et al (2012)
reported SWS values for benign and malignant thyroid nodules of 2.34± 1.17 m s−1 and 4.82± 2.53 m s−1,
respectively (p < 0.001).

5.4. Prostate
Early work in sonoelastography indicated promising results for prostate cancer (PCA) detection with
sensitivity approaching 80% or higher, far above that of B-mode ultrasound (Lee et al 1991, Taylor et al 2004,
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2005). As instrumentation developed, SE became perhaps the most studied elastography method for PCA
localization (Barr et al 2017). The addition of SE can increase the PCA detection rate (Konig et al 2005,
Tsutsumi et al 2007, Pallwein et al 2007a, 2007b, Aigner et al 2010, Brock et al 2012, Wang et al 2015).
Furthermore, the addition of SE can improve lesion localization for image-guided prostate biopsy (Barr et al
2017). In Kamoi et al (2008), using biopsy as the reference, the sensitivity, specificity, and accuracy of SE for
prostate lesions were reported as 68%, 81%, and 76%, respectively. Zhang et al (2014) investigated the
diagnostic performance of SE in the diagnosis of PCA in 7 studies with surgical pathology as the reference:
the pooled sensitivity and specificity of SE were 72% and 76%, respectively.

Using ARF-based SWE, some studies suggested that the stiffness value of a lesion correlates with the
Gleason score (Correas et al 2015). The addition of SWE in prostate can increase the PCA detection rate
(Barr 2014, Correas et al 2015, Boehm et al 2015a, 2015b). Barr et al (2017), showed that SWS values were
statistically significantly higher in PCAs than in benign lesions (p < 0.002 in all studies). For this analysis,
only one system was used (Aixplorer system, SuperSonic Imagine, Aix en Provence, France). In addition,
aggressive PCAs exhibited statistically significantly higher tissue stiffness (p < 0.01 in all studies) than
indolent PCAs in several studies (Ahmad et al 2013, Woo et al 2014). Correas et al (2015) reported, in a 184
patient study, the sensitivity, specificity, and positive and negative predictive values of 97%, 70%, 70%, and
97%, respectively, for a 35 kPa cutoff for diagnosing PCA with Gleason scores≥6.

5.5. Skeletal muscle
The study of muscle elastic properties is complicated by the active contractility of the muscle under voluntary
control and by the anisotropic alignment of the muscle fibers. Nonetheless, the history of elastography in
muscle parallels the development of the field, beginning with the early results from Yamakoshi and Sato
(Yamakoshi et al 1990). Other developments include the inverse problem approach of Levinson (Levinson
et al 1995, Yeung et al 1998, Fu et al 2000), the application of crawling waves (Hoyt et al 2008), shear waves
(Gennisson et al 2003, 2010, Koo et al 2013, 2014, Eby et al 2013), indentation (Zheng and Mak 1999), the
VisR imaging approach (Selzo and Gallippi 2013), and MRE techniques (Dresner et al 2001, Sack et al 2002,
Jenkyn et al 2003, Uffmann et al 2004, Papazoglou et al 2005, Bensamoun et al 2006, Klatt et al 2010). Because
muscle and tendons are comprised of highly directional fiber bundles, the propagation of waves is known to
be anisotropic, and some shear wave measurements have begun to characterize the dependence of elastic
properties along and across the major long axis (Jenkyn et al 2003, Papazoglou et al 2005, Gennisson et al
2010, Lee et al 2012, Song et al 2012, Green et al 2013, Wang et al 2013a, Qin et al 2014, Hossain et al 2017).

5.6. Cardiovascular
The stiffness of arterial walls has been a medical concern since at least the late 19th century and the
mathematical treatment of the Windkessel effect (Frank 1899). A later landmark development in theoretical
treatments was Womersley’s solution for pulsatile flow in which a stiff arterial wall is assumed along with a
periodic frequency of the heartbeat (Womersley 1955), and this was extended to the case of elastic vessel
walls (Barnard et al 1966).

With the rapid development of elastographic imaging techniques in the 1990s, a new wave of
measurements of the elastic properties of arteries, plaques, and cardiovascular tissues was enabled
(Hoffmeister et al 1996, de Korte et al 1998, de Korte and van der Steen 2002, Trahey et al 2003, Dumont et al
2006, Rogowska et al 2006, Schmitt et al 2010, Couade et al 2011, Korukonda et al 2013, Shcherbakova et al
2014, Vos et al 2017, Doyley 2018). Myocardial wall stiffness is itself a particular focus of interest and has
been investigated by the analysis of intrinsic motion, or alternatively with external vibration sources (Liu et al
2016, Song et al 2016, Papadacci et al 2017, Vos et al 2017, Strachinaru et al 2017, 2019, Arani et al 2017,
Bunting et al 2018, Nenadic et al 2018, Sabbadini et al 2019, Cvijic et al 2020). Various pathological
conditions including vulnerable plaques, regions of infarcts, and blood clots (Viola et al 2002, Rubin et al
2003, Durst et al 2013) are now considered to be detectable and quantifiable using elastographic techniques.

6. Current limitations and technical problems in ultrasound elastography

In this section we highlight some technical issues that are commonly confronted by clinicians when making
diagnostic assessments using commercially available ultrasound scanners. Again, we focus on only a few of
the more major applications.

6.1. Clinical limitations
6.1.1. Breast tissue
In SE, different studies report different cut-off values for the strain ratio; thus, a multi-center study that
includes accuracy control is needed. In SWE, due to problems associated with weak shear wave propagation
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Figure 12. The effect of increasing compression on a cyst breast lesion. Simply applying more contact force on the hand held
transducer (left to right images) is sufficient to compress tissue and change stiffness measurements. Note that with minimal
pre-compression (left column), the cyst has no signal as shear waves do not propagate in simple cysts. As pre-compression is
applied, the stiffness of the cyst and surrounding tissues significantly increases. For a moderate and marked compression (right
column), the cyst lesion reports elasticity values (in kPa units) corresponding to a malignant lesion. Images courtesy of
Dr R G Barr.

Figure 13. 37-year old patient with a mass in the right breast presenting as IDC. ARF-based SWE images from two different
vendors (A) and (B) show low SWS values, suggestive of a benign lesion. SE images from two different vendors (C) and (D) both
show EI/B-mode ratio greater than 1, suggestive of malignancy. Images courtesy of Dr R G Barr.

in tumors, SWS measurements can be inaccurate. Similarly, shear waves do not propagate in low viscosity
liquids; therefore, simple cysts will not be assessed (Barr et al 2015b). Additionally, the stiffness of the breast
can be increased significantly by compression caused by the hand-held transducer, this can be a potential
source of operator-dependent variability. This phenomenon is linked to the general nonlinear behavior of
tissues, as discussed in section 8.1. A clinical example is shown in figure 12.

Figure 13 illustrates the different elastography results using strain and ARF-based elastography methods
from different vendors on an in vivo breast examination with confirmed IDC. It has been reported that some
IDC cases show a low SWS value using ARF-based SWE, but high EI/B ratio using SE methods (Barr et al
2012). The causes of these differences are not fully resolved.
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Figure 14. Illustration of some limitations in elastography in in vivo scans in a highly attenuated media. In each case, the left
image indicates the goodness of data as a color; the right image shows the SWS parameter. Both liver tissue elastograms were
acquired using an ARF-based SWE method implemented in a RS85 Samsung ultrasound system. (A) Patient with a F2 and S2
stages of fibrosis and steatosis, respectively. (B) Patient with a F0 and S3 stages of fibrosis and steatosis, respectively.

6.1.2. Liver tissue
TE cannot technically be performed in patients with ascites. On the other hand, SE can be applied in patients
with ascites and narrow intercostal spaces, but it is difficult to generate clear SE images in severely obese
patients. In ARF-based SWE, the majority of the studies have been performed in patients with chronic
hepatitis C, therefore the chosen cutoffs may not be applicable to other viral etiologies or to NAFLD.
Generally, obesity is a common limitation of all ultrasound-based elastography methods. Maximum
acquisition depth with current technology is 6.5 cm. Other limitations are narrow intercostal spaces. Most
methods show higher stiffness values when the levels of aminotransferases are elevated (Ferraioli et al 2015).
Figure 14 shows an example in two in vivo liver cases where SWE was used. As shown, no complete or high
quality images were obtained in these high viscosity liver tissues, as they correspond to high levels of
steatosis. Strategies to overcome this limitation include the use of lower ultrasound frequencies, or the
substitution of alternative methods such as reverberant SWE as shown in figure 9.

6.1.3. Thyroid tissue
In SE, transverse scans are more susceptible to interference from carotid artery pulsations. Several factors can
affect the results of elastography, including calcifications and cystic components, the experience of the
operator, and motion artifacts from respiration and carotid pulsations. In ARF-based SWE, pressure applied
by the probe increases the tissue stiffness and large and deeply-seated nodules cannot be properly assessed
(Cosgrove et al 2017).

6.1.4. Prostate tissue
The major limitations of SE are the lack of uniform compression over the entire gland and penetration in
large prostate glands; these result in poor SE image quality. In ARF-based SWE, only a limited ROI can be
measured and shear waves cannot be generated in deep regions (reliable ARF pulses from transrectal
ultrasound sources typically penetrate only 3–4 cm). In the presence of macrocalcifications, the stiffness
values are overestimated. In case of a large prostate, SWE cannot measure the anterior zone (Barr et al 2017).

6.2. Ultrasound SWS imaging system problems
Data suggests that there are still some systematic errors and variances attributed to the different systems at
the various sites. Hall et al (2013) reported that there is a statistically significant difference in SWS estimates
in different and almost pure elastic phantoms. The inter-system variability ranges from 6% to 12%, with
nominal SWS between 1.0 and 2.0 m s−1. This study suggests that there is strong evidence of a
depth-dependent bias in SWS among different systems and phantoms.

A subsequent study reported that the SWS measurement variance increases as a function of higher
stiffness and focal depth (Palmeri et al 2015). The results obtained agreed with the limitations of finite SW
spatial and temporal sampling, and the decreased signal-to-noise ratio (SNR) associated with increasing
stiffness and depth reported in (Shiina et al 2015). Another source of inter-system variability, which was not
characterized in (Hall et al 2013), was the impact of viscosity, which can lead to shear wave dispersion (SWD)
and affect group velocity estimates generated by imaging systems. The objective in (Palmeri et al 2015) was to
compare different ultrasound imaging systems and measure SWS in different tissue-mimicking viscoelastic
phantoms that represent normal and fibrotic liver. Because different systems report different elastic
modulus/SWS metrics, all metrics were reported in terms of SWS, the parameter that all systems inherently
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measure. All the tested phantoms were characterized by the phase velocity at 200 Hz, and the linear
dispersion slope (dc/df ) from 100 to 400 Hz. Since some methods measure the phase velocity and others the
group velocity, it is important to have an understanding of how both of these parameters can be compared in
order to achieve better agreement for the clinical results among all the elastography methods.

Palmeri et al (2015), also reported that SWS measurements were more consistent at shallower depths (3.0
and 4.5 cm); the greater inter-system variability at the deepest focal depth (7.0 cm) may be due to poor SNR
deeper in the phantoms. Despite the fact that current generation ultrasound SWS imaging systems can
estimate elastic properties, there is room for improvement to reduce inter-system variability and allow
reported SWS to be directly compared to other systems. Moreover, more advanced biomechanical
parameters such as SWS dispersion and shear wave attenuation (SWA) could be measured in order to
perform a better viscoelastic tissue characterization as will be discussed in section 8.

7. International guidelines and consensus

Perhaps the earliest effort to bring together the nascent international research community in elastography
was the inaugural International Conference on the Ultrasonic Measurement and Imaging of Tissue Elasticity
in Niagara Falls, Ontario, Canada, in October of 2002, sponsored by the University of Texas and the
University of Rochester (ITEC 2002). By this point in the early 21st century, the availability of clinical
scanners capable of elastography techniques was beginning to expand, providing more clinicians and
specialists with the tools for making images and measurements related to stiffness. This resulted in a
proliferation of papers and conference presentations related to studies of normal and diseased tissue stiffness.
As these accumulated, the variability in results across observers, across patients, and across measurement
techniques and platforms could be assessed. A number of organizations began the important work of
identifying best clinical practices and identifying the role of co-factors that influence biomechanical
measurements, while minimizing variability. Major efforts include the guidelines from the European
Federation (Cosgrove et al 2013) and Japan (Kudo et al 2013, Nakashima et al 2013, Shiina 2013). Next, the
Society of Radiologists in Ultrasound published a consensus statement on elastography (Barr et al 2015a).
The World Federation for Ultrasound in Medicine and Biology published an extensive set of guidelines
(Ferraioli et al 2015, 2018), and other societies continued to develop specific guidelines (EASL and ALEH
2015, Kemp et al 2015, Lim et al 2017, Shiha et al 2017). A more detailed review of the particular
recommendations of these groups is found in Ferraioli (2019).

In addition to these clinically oriented efforts, the Radiological Society of North America (RSNA) had
independently developed a framework for cooperation between the medical imaging industry, academics,
and clinicians to establish reliable quantitative biomarkers across different modalities and different clinical
tasks. Ideally, a measurement of a particular tissue parameter should provide the same result on any platform
in any clinic, anywhere in the world. The Quantitative Imaging Biomarkers Alliance (QIBA) created a task
force on stiffness measurements which began to address elastography techniques (Hall et al 2013, Chen et al
2017), with the important goal of cross-platform agreement.

Another related issue pertains to the rheological models used in elastography. Even within the simplified
world of linear, isotropic, and viscoelastic materials, there are many traditional rheological (stress–strain)
models to choose from (Fung 1981). Each of these has specific time domain and frequency domain behaviors
and the particular choice of model can influence or bias the estimation of viscoelastic parameters. In the
worst case, two different systems using two different rheological models could report incompatible
parameters. There is no widespread agreement on standardization here, but a recent publication has made
the case for reaching a consensus around fractional derivative models which have strong experimental and
theoretical support (Parker et al 2019).

8. Promising directions for the next decade

The robust development of elastographic techniques and applications continues to gather momentum.
Growing clinical applications include every deformable tissue and organ, from skin layers and corneal layers
to the lungs and brain. In this section we focus more on technical improvements that will add to the overall
capabilities and parameter sets provided by elastography in the near future.

8.1. Nonlinear parameters
In solid mechanics and biomechanics, linear stress strain relationships are commonly understood to be only
a simplification of more general nonlinear behavior, and in fact most tissues exhibit a progressive stiffening
when extended beyond a few percent of strain (Fung 1981), called ‘strain hardening’ as illustrated in
figure 12. Many types of mathematical models exist for nonlinear behavior in rheology, acoustics, and shear
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wave propagation. Of interest in imaging the elastic properties of tissues is the possibility that nonlinear
parameters for normal tissues may differ from pathological cases, including cancers. Presumably the
structural and composition differences between tissues create a range of nonlinear parameters that can be
used as a diagnostic tool (Varghese et al 2000, Samani and Plewes 2004, O’Hagan and Samani 2009).

There has been encouraging development of systems and estimators for nonlinear parameters (Catheline
et al 2003, Erkamp et al 2004, Gennisson et al 2007, Mehrabian et al 2010, Koo et al 2011, Goenezen et al
2012, Guzina et al 2015, Bernal et al 2016, Nazari and Barbone 2018, Napoli et al 2018, Dord et al 2019,
Rosen and Jiang 2019, Osapoetra et al 2019, Goswami et al 2019a, 2019b, Wang et al 2019b). Generally, these
require a progression of stress–strain states to be completed within the ROI of the imaging system, and
within a fairly limited timespan. Creating imaging strategies for estimating nonlinear parameters in a
user-independent, accurate, ergonomic, and high resolution platform remains an important goal with many
promising clinical application.

8.2. Viscoelastic parameters
The lossy nature of shear wave propagation can be related to pathological conditions. For example, chronic
liver disease can be caused by many different etiologies (i.e. hepatitis B and C, NAFLD, NASH (non-alcoholic
steatohepatitis)) (Ferraioli et al 2015, Parker et al 2015, Barr 2018). In order to assess chronic liver disease, it
is necessary to differentiate between the presence of fibrosis, inflammation, and steatosis. Currently, the gold
standard for quantitative measurement of these conditions are liver biopsy, which is invasive with
concomitant patient risk (Barr 2018). Elastography has had success in measuring liver stiffness which is
correlated with higher grades of liver fibrosis. However, there are confounding factors that affect the SWS
measurement such as inflammation, increased portal venous flow, extrahepatic cholestasis, and steatosis
(Barr 2018). For the latter condition, the assessment of the degree of steatosis is critical also for the diagnosis
of NAFLD. Thus, there is need for a non-invasive and ultrasound readily available method to quantify these
other factors and assess the tissue changes with treatment.

Different approaches to measure the viscoelastic properties of the liver are becoming available to
clinicians, many involving shear waves. The additional parameters that can now be measured with SWE are
SWD and SWA. Using ARF-based methods, SWD can be calculated by measuring the linear dispersion slope
of the phase velocity over a frequency range. The phase velocity is extracted from the phase shift or difference
of the shear waves over the propagated distance (Chen et al 2004, Deffieux et al 2009). Another approach
obtains the phase velocity by calculating the 2D Fourier transform from the particle velocity signals, finding
the maximum spatial frequency k(ω) at each discrete temporal frequency (Nenadic et al 2013, Nightingale
et al 2015, Kumar et al 2018). Using harmonic waves, SWD is obtained from the phase velocity at different
vibration frequencies. Then, a linear dispersion slope over a specific frequency range is calculated (Barry et al
2014, Tzschatzsch et al 2015, Ormachea et al 2019). Additional literature about dispersion includes the
comparison of ARF and harmonic based methods to evaluate SWS and SWD using ultrasound (Ormachea
et al 2016) and SWD estimation using MRE (Tzschatzsch et al 2015, Urban et al 2017).

Some emerging clinical studies that include SWD results are now summarized. Trout et al (2020),
evaluated SWD in 128 children and 32 adults with no liver disease. In this study, it was found that SWD was
associated with viscosity and was lower in adults compared with children (11.4 m s−1 kHz−1 and
10.24 m s−1 kHz−1 in children and adults, respectively). Yoo et al (2019), studied two different patient
groups to evaluate the inter- and intra-variability of SWD in liver tissue. They found a SWD around
11.3 m s−1 kHz−1 in patients and 10 m s−1 kHz−1 in healthy people. Ormachea et al (2019) obtained deep
2D SWS and SWD images in normal and obese liver volunteers. Whereas the SWS did not show a clear
difference between these cases, the SWD results showed a better differentiation (0.28 m s−1100 Hz and
0.54 m s−1100 Hz for the normal and obese case, respectively). Lee et al (2019) evaluated the role of SWD in
detecting allograft damage after liver transplant by using SWD to monitor necroinflammation. They found a
SWD of 12 m s−1 kHz−1 for patients without necroinflammation, and a SWD of 9.8 m s−1 kHz−1 in
patients with necroinflammation (de Araujo Neto 2020). Sugimoto et al (2018b) studied 24 patients and
found that lobular inflammation in liver is correlated with SWD (12.5–15.5 m s−1 kHz−1). Later, in a review
article, Sugimoto et al (2020) indicated that this preliminary clinical study, together with preclinical research
(Sugimoto et al 2018a), showed that SWS closely correlates with the degree of fibrosis, but SWD better
predicts the degree of necroinflammation. Mould et al (2019) evaluated one case with HELLP syndrome
(haemolysis, elevated liver enzyme levels, and low platelets) over an extended period, indicating that SWD
could assess the changes and progress during treatments. They reported that a SWD value less than
11 m s−1 kHz−1 was normal in liver.

SWD can also be used, together with SWS, to predict the shear and viscosity moduli using a rheological
model (i.e. Voigt, Kelvin-Voigt, or power law models). Deffieux et al (2014), evaluated 120 liver cases, they
measured SWD and employed a Voigt model to estimate viscosity and concluded that viscosity is a poor
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predictor for steatosis staging. It was found that viscosity correlates with liver fibrosis, but not with steatosis.
However, Sugimoto et al (2020) indicated that this discrepancy, compared with other clinical results, may be
due to the different population characteristics and etiologies in patients studied by Deffieux et al (2014).
Another study reported by Chen et al (2013) estimated viscosity in 35 patients and showed that viscosity was
a less predictive value for liver stiffness and fibrosis staging. This study did not include an analysis of viscosity
and its usefulness for steatosis evaluation. Moreover, some studies reported viscosity values based on a
rheological model rather than the raw linear dispersion slope. In this case, it is worth emphasizing again the
importance of finding a consensus on which rheological model best characterizes the viscoelastic properties
of tissues (Parker et al 2019).

SWD has also been measured in other applications. Ormachea et al (2019) measured SWD in two
patients with fibroadenomas and one with dense breast tissue using the reverberant shear wave elastography
(R-SWE) approach. Tanter et al (2008) measured SWD in breast tissue to illustrate the difference in SWS
results obtained by ARF-based method as compared with MRE. Kumar et al (2018) reported that shear
viscosity, obtained from SWD, was significantly different between malignant and benign breast masses.
Deffieux et al (2009) measured SWD in biceps brachii muscle, demonstrating tissue anisotropy. Simon et al
(2018) analyzed SWD in ex vivo normal placentas and found that SWD may be able to distinguish placental
structures. Calĺe et al (2018) evaluated SWD in 20 ex vivo normal placentas and later applied a rheological
model based on a power law function. The study reported that the power law coefficient was
tissue-dependent. Although it was not the main purpose of the study, SWD was also used to measure Achilles
tendon viscosity in the orientation perpendicular to the tendon fiber by fitting the leaky Lamb wave equation
and assuming a Voigt model by Brum et al (2014).

Figure 15 summarizes the results for SWD, as a function of frequency range, on human liver experiments.
The SWD results were obtained using ARF and harmonic based elastography methods using ultrasound and
MRI. Each clinical study reported the SWD at different frequency ranges and the range of SWD estimates is
illustrated by the vertical shade bars representing standard deviation around the horizontal mean SWD
values. However, some of these studies did not report the frequency range (i.e. Studies A to G in figure 15).
Thus, we selected 100 Hz to 400 Hz as a reference frequency range for all of these cases mainly for two
reasons: the studies used the same ultrasound equipment (i.e. Aplio i800, Canon Medical Systems), and all
are based on ARF-based SWE, a method where the propagating shear wave frequency range (Deffieux et al
2009) is typically in the low hundred(s) Hz.

In a clinical study of liver SWA, Sharma et al (2019) focused on the hypothesis that steatosis adds a
viscous (lossy) component to the liver, which increases SWA. In this research, SWA was measured in 20
patients. The results were compared with pathology scores obtained from liver biopsies. They found that
SWA increases with higher stages of steatosis,∼7,∼8,∼13, and∼18 dB cm−1150 Hz for S0, S1, S2, and S3
steatosis scores, respectively. This supports their hypothesis and indicates the possible utility of the
measurements for non-invasive and quantitative assessment of steatosis. Nenadic et al (2017) used a spatial
frequency broadening measure of attenuation, and concluded that liver transplant rejection cases had a lower
SWA than normal livers. Budelli et al (2017) measured the SWA in phantoms and in vivo liver with good
correlation using two different techniques, SSI and TE. Alternatively, some methods measure ultrasound
attenuation based on longitudinal waves. Trout et al (2020) measured ultrasound attenuation in 32 adult
livers and found that attenuation values ranged from 0.31 to 0.75 dB cm−1 MHz−1 in healthy adults.
Sugimoto et al (2018b) reported ultrasound attenuation values of 0.65, 0.8, and 0.92 dB cm−1 MHz−1 for S1,
S2, and S3 steatosis stages, and considered that attenuation was correlated with steatosis, whereas SWD did
not show a tendency with steatosis. Additionally, Sasso et al (2010) first reported the controlled attenuation
parameter (CAP), a dedicated and proprietary technology to measure ultrasound attenuation in order to
assess the degree of liver steatosis. CAP is measured at the central frequency of 3.5 MHz using the
FibroScanTM scanner and is expressed in dB/m. Yen et al (2017) measured CAP in 1554 chronic liver disease
patients and found a correlation with steatosis grades.

As observed, there are promising preliminary clinical results based on adding new viscoelastic tissue
parameters. However, some questions remain to be answered. For instance, Fujii et al (2019) has worked with
hepatic viscoelastic models and shown that the frequency range used to calculate the SWD is important for
interpreting results. The low frequency range (25–100 Hz) worked better to classify fibrous tissue, whereas
the high frequency (200–500 Hz) range was superior for viscosity characterization among the simulated
materials. The biomechanical theories of steatosis clearly emphasize the importance of shear wave frequency
for interpreting results (Parker et al 2018a).

Figure 15 clearly shows the discrepancies among different methods due to the different frequencies they
used to measure the SWD. These discrepancies become more important to reconcile as some of the studies
do not report the frequency range used to obtain the SWD results. In that sense, what is the appropriate
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Figure 15. The range of shear wave dispersion estimates reported from human liver studies. The y-axis represents the mean
reported dispersion in m s−1100 Hz. The shaded vertical bars represent the standard deviation values reported in each study. The
x-axis represents the frequency range used to measure the SWD. (A) Lobular inflammation, grade II (Sugimoto et al 2018b);
(B) With necroinflammation (Lee et al 2019); (C) Healthy liver in children (Trout et al 2020); (D) Healthy liver in adults (Yoo et al
2019); (E) Healthy liver in adults (Trout et al 2020); (F) Without necroinflammation (Lee et al 2019); (G) Lobular inflammation,
grade I (Sugimoto et al 2018b); (H) Healthy liver (Klatt et al 2007); (I) Healthy liver (Asbach et al 2008); (J) Ex vivo human liver,
10% fat+ cirrhosis, (Barry et al 2012); (K) Volunteers (Tzschatzsch et al 2015); (L) NAFLD >F3 stage (Nightingale et al 2015);
(M) NFLD <F2 stage (Nightingale et al 2015); (N) Obese patient (Ormachea et al 2019); (O) Healthy liver (Muller et al 2009);
(P) Healthy liver (Deffieux et al 2009); (Q) Thin patient (Ormachea et al 2019); (R) Ex vivo human liver, 10% fat+ fibrosis,
(Barry et al 2012); (S) Ex vivo human liver, 10% fat, (Barry et al 2012); (T) Ex vivo normal human liver (Barry et al 2012); (U)
Liver fibrosis F1 (Bavu et al 2011).

frequency range to measure dispersion? Should the frequency range be the same for all the clinical
applications? Is SWD able to measure steatosis?

A similar reasoning may be applied to SWA, some studies have reported results at one specific frequency:
100 Hz (Parker et al 2018a, 2018c), 150 Hz (Sharma et al 2019). Other studies reported results at different
frequencies: 140 Hz to 220 Hz (Budelli et al 2017), 100 Hz to 300 Hz (Nenadic et al 2017). Furthermore,
other studies reported the ultrasound (longitudinal) wave attenuation. Which attenuation parameter, shear
or longitudinal, should be measured, and what units and viscoelastic models should be commonly reported?

It is germane to point out that some of these clinical studies and others (Chen and Holm 2003, Zhang
et al 2007, Urban et al 2017, Parker et al 2018b) have shown that many normal tissues exhibit a SWS with a
power law behavior. The SWD is linked to SWA via the Kramers–Kronig relations (Szabo 1995, Chen and
Holm 2003, Parker 2014). Thus, dispersion of phase velocity in an individual liver should be linked to the
lossy, attenuating nature of the tissue (Parker et al 2015). In that context, it may be reasonable to measure the
power law coefficient, which is directly related to the SWD and SWA and has the advantage of being
frequency-independent (Parker et al 2018b). Of course, further studies will be needed to better understand
the consistency between these three parameters. We believe these considerations should be included in future
consensus efforts to standardize the additional parameters.

8.3. Anisotropy and guided waves
In the fields of optics, acoustics, and mechanics, there are well developed theories and measurement
techniques for capturing the directional properties of stress–strain relations and wave propagation. Similarly
in biomechanics, the directional orientation of muscle fibers and tendons has long been recognized (Fung
1981). A number of investigators in elastography have made measurements related to the anisotropic nature
of muscle and other structures, as mentioned in section 5.5. In simplest terms, stress–strain behavior and
SWS will vary with direction in anisotropic materials (Levinson 1987, Royer et al 2011). The limitations of
conventional ultrasound 1D array systems are a disadvantage here since only one image plane is acquired
with high motion sensitivity in only the axial direction. Thus in a complicated 3D biomechanical model, only
one vector component of motion is available in only one 2D slice. This situation is improved with volumetric
scanning in advanced ultrasound systems (Correia et al 2018) and in MRI, computed tomography (CT), and
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OCT volumetric scans. The issue of anisotropy becomes more important as more anisotropic tissues come
under routine study, including the cornea, tendons, nerves, and the brain (Zvietcovich 2020).

A variety of different types of waves can be formed in structures such as cylinders (arteries) or rods
(tendons), for example see chapters 1–4 of Graff (1975). These types of guided waves are dependent on the
elastic properties of the material, but also the size and shape and boundary conditions including the
properties of the surrounding tissues. Surface waves are similar in their dependence on boundary conditions,
including Lamb, Rayleigh, Scholte, and Stoneley waves (Mercado et al 2015, Langdon et al 2017). In these
cases the measured speed of the shear wave disturbance and the dispersion can be a complicated function of
the geometry and conditions. Nonetheless, the application of wave theories has been incorporated into
elastographic studies of biological structures including arteries (Bernal et al 2011, Urban et al 2015), skin
layers (Kirkpatrick 2003, Urban et al 2015), tendons (Jenkyn et al 2003, Drakonaki et al 2009, Brum et al
2014, Helfenstein-Didier et al 2016), cardiac muscle (Konofagou et al 2002, Kanai 2005, Nenadic et al 2011),
and corneal layers (Tanter et al 2009). These types of studies have wide potential in expanding elastography
outside of radiology, to routine use in ophthalmology, cardiology, sports medicine, and many other
specializations.

8.4. Optical elastography
OCT elastography, now commonly referred to as OCE (Mulligan et al 2016), was introduced by (Schmitt
1998). This article was published roughly a decade after the introduction of ultrasound elastography (Lerner
and Parker 1987), and a few years after the introduction of MRE (Muthupillai et al 1995).

The spatial scales of US elastography and MRE for elasticity imaging remain at the macroscopic level
with an organ-size field of view and the typical resolution of hundreds of micrometers to several millimeters.
On the other hand, OCE offers unique capabilities such as higher spatial resolution (between organ and
cellular levels) and rapid 3D acquisition (Wang and Larin 2015, Mulligan et al 2016, Larin and Sampson
2017). These features allow OCE to fill the gap of the imaging scales (between ultrasound, magnetic
resonance, and cellular level imaging) as observed in figure 2, and thus it has the potential to make great
impacts on the biomechanical characterization of tissues (Wang and Larin 2015, Mulligan et al 2016, Larin
and Sampson 2017).

Ultrasound and OCT have many similarities and therefore share several approaches to estimate the
biomechanical properties of tissue. Thus, OCE uses quasi-static, transient, and harmonic excitations that are
analogous to those used in ultrasound elastography (Mulligan et al 2016, Larin and Sampson 2017).

After the first publication, and especially since 2008, OCE expanded rapidly with several research groups
reporting promising results and progress (Larin and Sampson 2017). Undoubtedly, the field will continue to
grow as there are multiple opportunities and applications where OCE has great potential (Mulligan et al
2016, Larin and Sampson 2017). In that context, some studies have already evaluated the performance of
OCE across different methods with different excitation forces (Zvietcovich et al 2016a, 2017). Furthermore,
due to the different excitation loads, special emphasis has been taken to characterize the different waves
propagating in the scanned media (i.e. longitudinal shear, shear, surface, lamb waves) (Zvietcovich et al
2016b, 2019a, 2019b, Han et al 2017).

Several applications have been reported using OCE, including non-contact mechanical stimulation
(Huang et al 2009, Ambrozinski et al 2016). The main applications are found in cornea (Ford et al 2011, Li
et al 2013, 2014, Ambrozinski et al 2016, Zvietcovich et al 2019b), soft-tissue tumor (Liang et al 2008, 2010,
Adie and Boppart 2010, Kennedy et al 2012, Wang et al 2012), arterial wall (Qi et al 2012, 2013, 2014),
muscle (Chin et al 2014, Wang and Larin 2014, Wang et al 2014), skin (Adie et al 2009, Kennedy et al 2011, Li
et al 2012), single cells (Crecea et al 2013), crystalline lens (Wang et al 2013b, Wu et al 2015), tendon (Guan
et al 2013), and ex vivomouse brain (Ge et al 2019). Figure 16 shows the application of OCE in ex vivo
porcine cornea using the reverberant SWE approach (Zvietcovich et al 2019b). The cornea is excited by a
piezoelectric actuator attached to an eight-pronged ring. This configuration helps to generate a reverberant
field, a limiting condition of shear waves propagating at multiple directions, to extract the elasticity
information at different layers of the cornea tissue.

As observed, OCE’s advantages include the ability generate elastograms with high resolution, promising
an optimal tool for fine-scale clinical applications. More importantly, as emphasized by Mulligan et al
(2016), OCE and ultrasound elastography may be integrated to generate a multimodal approach where each
can add important information from the micro and macro level structure of the tissues.

8.5. Computational and technological advances
One important framework for approaching elastography is through the formulation of mathematical inverse
problems (Barbone and Gokhale 2004, Barbone and Oberai 2007, Baghani et al 2009). Measured quantities
from the imaging system include the motion vectors, and possibly boundary conditions, whereas the
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Figure 16. OCE/R-SWE in ex vivo porcine cornea for elasticity characterization of layers, Reprinted by permission from Springer
Nature from Zvietcovich et al (2019b). Reverberant shear waves were acquired applying a 2 kHz vibration signal and a spectral
domain phase sensitive OCT system. (A) Acquired B-mode 3D volume (left side), and particle velocity reverberant volume of
cornea (right side). (B—left side), a particle velocity frame is extracted at the cornea epithelium from (A). (B—right side), average
autocorrelation curve (N = 360 curves) taken along radial cuts of the 2D auto-correlation plot (2× 2 mm2 window size). Then,
estimations of local wavenumber (k), and, therefore, shear wave speed (cs) using cs = 2πf/k, were calculated for all depths from
the top (epithelium) to bottom (endothelium) layers of cornea. (C) Average depth-dependent SWS profile of the ex vivo cornea
and how it correlates with (1) structural information from the B-mode intensity image of the same cornea sample, and (2) the
anatomical description of some of the corneal layers. (D) 2D shear wave speed map superimposed on a B-mode structural image
of the cornea.

unknowns include the biomechanical properties within the ROI. The unknown quantities can be as simple as
a single unknown (linear, isotropic) stiffness assumed to be nearly constant across an ROI within a tissue, or
as complicated as a set of viscoelastic parameters in a highly directional, anisotropic material, with significant
spatial variation in 3D. A review of inverse problems in elastography has been published by Doyley (2012)
covering quasi-static, transient, and sinusoidal steady state conditions. The issue of regularization of inverse
problems continues to be a robust area of research (Honarvar et al 2012), and it is possible that new
developments will have an impact on the data sets and solutions that are encountered in elastography.

Related to this is the emergence of artificial intelligence, machine learning, and deep learning algorithms
in medical imaging. While many of these pertain to classification tasks, some are able to incorporate physical
models (Li 2018, Dramsch et al 2019), or serve as alternative computational paths to inverse problems
(Hoerig et al 2017, 2019). Some machine learning approaches require careful curation of large data sets for
initial training of the neural nets. The impact of these on different categories of elastography will be
determined over the next decade.

Another general area of technological improvement that will impact elastography is the advance of higher
resolution 3D and four-dimensional (4D) image sets across a number of modalities. In ultrasound, the
progress in 2D transmit/receive arrays and ultrafast plane wave transmit schemes is creating novel platforms
with higher temporal and spatial resolutions (Provost et al 2014, Gennisson et al 2015, Huang and Zeng
2017). In MRI, CT, and OCT a variety of technical advances are pushing the volumetric data sets to higher
spatial and/or temporal resolution (Malczewski 2020).

Since elastography inherently relies on the detection of stress and strain in three spatial dimensions over
time, all the accumulating advances in the basic imaging platforms can potentially add to our ability to
extract viscoelastic parameters at high spatial resolution. Temporal resolution in elastography, meaning the
ability to track rapid changes in the stiffness of tissues, may also increase in importance as dynamic effects
become more widely explored (Mcaleavey et al 2016, Parker 2017, Patz et al 2019, Kreft et al 2020).

Finally, the pressing need for a fundamental, multi-scale, biological explanation for the imaging results
seen in elastography should be addressed in the coming years. The entire field can be viewed as an inverted
pyramid, where millions of images of stiff lesions and tissues have accumulated yet in many cases the details
of the underlying biological, structural, and compositional causes are poorly understood. For example, some
cancers present as very stiff lesions and this can be superficially attributed to causes such as desmoplastic
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reaction. However, a detailed multiscale explanation, bridging from the microscopic structural changes to
the macroscopic observations from medical imaging scanners that incorporate elastography, are required.
Some recent investigations are making progress in this direction (Wang et al 2019a, Vincent et al 2020).

9. Conclusion

Some 2500 years ago, the Greek philosopher Heraclitus of Ephesus proposed a sweeping theory of
philosophy and rheology: panta rhei (πάντα ρει̃, ‘everything flows’) (Beris and Giacomin 2014). After a
delay of two and a half millennia, we have finally been able to noninvasively visualize and quantify the
rheology of tissues and internal organs, in vivo, with adequate spatial and temporal resolution. This proves to
be of great value in detecting and diagnosing pathological conditions, or staging diseases. While tremendous
strides have been made over the last 30 years, the field of ‘imaging the elastic properties of tissues’ is still
expanding rapidly in terms of clinical applications, commercial platforms, modalities, approaches, and the
drive towards ever improving accuracy and spatial and temporal resolution. Every deformable tissue, organ,
and structure is now a potential application of elastography imaging. According to Heraclitus, that is indeed
a very extensive set of targets for future developments.
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Appendix A. Governing equations for elastography

The conservation of linear momentum, a fundamental accounting of forces, deformations, and acceleration,
is derived for a deformable medium using the methods of continuum mechanics, and in integral form
applied to some volume:

d

dt

˚

V

ρu̇dV=

¨

S

T(n)dS+

˚

V

ρbdV, (9)

where ρ is the density, u̇ is the displacement vector (with the superposed dot indicating a time derivative),
b is the body force per unit mass vector, and T(n) is the traction vector on the surface S (with outward unit
normal n) of volume V. This equation states that the rate of change of linear momentum is equal to the
resultant applied surface and body forces.

Writing the traction vector in terms of the stress tensor σ as T(n) = σ ·n, neglecting the body forces (such
as gravity) because their effects can be subtracted from the measured response, and considering the
deformation small enough that it can be expressed in terms of the infinitesimal strain tensor (εij):

εij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
. (10)

Then, the constitutive relation relating stress (σ) and strain for a linearly elastic, isotropic medium can be
written as:

σij = 2µεij +λεkkδij =
E

1+ υ

(
εij +

υ

1− 2υ
εkkδij

)
, (11)

where µ and λ are called the Lamé constants, µ is also called the shear modulus, E is the elastic, or Young’s,
modulus, υ is the Poisson’s ratio, and δij is the Kronecker delta (equal to 1 if i= j, and 0 otherwise).

In homogeneous regions, where λ and µ are constant, a differential equation is obtained in terms of the
displacement vector:

(λ+µ)
∂uj

∂xj∂xi
+µ

∂2ui
∂xj∂xj

= ρüi or (λ+µ)∇(∇· u)+µ∇2u= ρü, (12)
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where the body forces, such as gravity, have been assumed to be negligible. Given the initial and boundary
conditions, and the force or displacement excitation, equation (12) governs the general dynamic response of
a homogeneous, isotropic, linearly elastic material. If excitation loads are applied slowly (quasi-statically) or
if the displacement response is measured after all the motion has stopped, then the right-hand side of this
equation is negligible and set equal to zero. Therefore, this equation governs the static, quasi-static and
dynamic (transient and harmonic wave propagation) responses that can occur in response to applied loads.
It should be noted that equation (12) and its simplifications pertain to an elastic material, however in lossy or
viscous materials, additional terms are included to account for the dissipation. A standard treatment would
be to include an imaginary (or out-of-phase) term to the elastic and shear moduli, and this creates an
attenuation term in the wave equation. A short derivation of these equations can be found in ‘appendix A:
Shear wave speed and attenuation’ of Parker et al (2019).

At low frequencies or slow applied compressions, equation (12) could be simplified for the consideration
of quasi-static elastography experiments. In static displacement or very low frequency cyclic motion, the time
derivative terms are negligibly small, and for nearly incompressible biomaterials, the divergence (or
dilatation)∇· u≈ 0, so equation (12) reduces to Laplace’s equation:

∇2u= 0. (13)

For simple 1D geometry, the solution for displacement ux (x) is linear with x, and therefore the strain (the
derivative of displacement) is uniform, a fact that is assumed to be true in the quasi-static elastography
imaging approach for homogeneous materials. Local changes from the assumed constant strain are
indications of internal structures that are harder or softer, forming the basis of imaging in
compression-based elastographic methods.

In summary, equation (12) and its simplifications can predict most of the tissue responses to excitations
or forces used in elastography techniques. For different approaches, the relative weight of the terms changes
and affects the type of response seen, as indicated in figure 1, especially the row titled ‘temporal
characteristics’ which directly influence the acceleration terms of equation (12) (the right hand side). This
distribution of responses is examined in more detail in Parker et al (2005).

Appendix B. Glossary of acronyms

AFM atomic force microscopy
ALEH Asociación Latinoamericana para el Estudio del Hígado
ARF acoustic radiation force
ARFI acoustic radiation force impulse
BI-RADS breast imaging reporting and database system
BM Brillouin microscopy
BMI body mass index
CAP controlled attenuation parameter
CT computed tomography
CUSE comb-push ultrasound shear elastography
CWS crawling wave sonoelastography
EASL European Association for the Study of the Liver
EI/B elastography image/B-mode
FM frequency modulation
HELLP haemolysis, elevated liver enzyme levels, low platelets
HI holographic imaging
HMI harmonic imaging
IDC invasive ductal carcinoma
MDEV multifrequency dual elastovisco
MRE magnetic resonance elastography
MRI magnetic resonance imaging
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
OCE optical coherence elastography
OCT optical coherence tomography
OT-M optical tweezers-based microrheology
PCA prostate cancer
QIBA Quantitative Imaging Biomarkers Alliance

27



Phys. Med. Biol. 65 (2020) 24TR06 J Ormachea and K J Parker

RF radio frequency
ROI region of interest
RSNA Radiological Society of North America
R-SWE reverberant shear wave elastography
SE strain elastography
SMURF spatially modulated ultrasound radiation force
SNR signal-to-noise ratio
SSI supersonic shear imaging
STL single tracking location
SWA shear wave attenuation
SWD shear wave dispersion
SWE shear wave elastography
SWS shear wave speed
TE transient elastography
THE time harmonic elastography
UE ultrasound elastography
VisR viscoelastic response
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