What challenges must be overcome
before ultrasound elasticity imaging is

ready for the clinic?

Ultrasound elasticity imaging has been a research interest for the past 20 years with the goal of generating
novel images of soft tissues based on their material properties (i.e., stiffness and viscosity). The motivation
for such an imaging modality lies in the fact that many soft tissues can share similar ultrasonic echogenicities,
but may have very different mechanical properties that can be used to clearly visualize normal anatomy
and delineate diseased tissues and masses. Recently, elasticity imaging techniques have moved from the
laboratory to the clinical setting, where clinicians are beginning to characterize tissue stiffness as a
diagnostic metric and commercial implementations of ultrasonic elasticity imaging are beginning to appear
on the market. This article provides a foundation for elasticity imaging, an overview of current research
and commercial realizations of elasticity imaging technology and a perspective on the current successes,
limitations and potential for improvement of these imaging technologies.
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Soft tissue material properties
Manual palpation of tissue has been a diagnostic
tool used by doctors for centuries. The value of
manual palpation in this setting lies in the fact
that pathologic processes, such as the growth of
malignant tumors or scarring of tissues, involves
replacing healthy tissues with fibrotic tissue or
increasing the cellular density of tissues that are,
in general, stiffer than the surrounding tissues.
The stiffness of tissues can be described by their
Young’s modulus (E), which is a measure of a
material’s resistance to compressive deforma-
tion [1]. Tissues with higher Young’s moduli,
such as muscle and fibrous tissue, are more
resistant to deformation than more compliant
tissues, such as fat [2-4]. Tissue deformations
occur in response to a stress () being applied to
the tissues; in the case of manual palpation, this
stress is related to the force exerted by the clini-
cian’s fingers over the surface area of an organ or
mass. The deformation that occurs in response
to this applied stress is known as the strain (g).
While soft tissues are very complex, heteroge-
neous materials, many assumptions are made in
the field of elasticity imaging to simplify the ana-
lysis and interpretation of elasticity images [5.6].
Common material assumptions include that the
tissue is: linear (i.e., the amount of strain resulting
from an applied incremental stress is not a func-
tion of the absolute stress applied), elastic (i.e., the
tissue returns back to its nondeformed state when
an applied stress is removed and the deformation
state is not dependent on the rate of the applied

10.2217/1IM.11.41 © 2011 Future Medicine Ltd

stress), isotropic (i.e., the tissue’s material proper-
ties are not orientation dependent) and incom-
pressible (i.e., the volume of the tissue remains the
same when strained due to its high water content).
Under these assumptions, stress and strain can be
related to each other by the Young’s modulus [1]:

o=Ee m

Some elasticity imaging modalities do not
make as many assumptions about tissue material
properties; two common deviations from these
assumptions include modeling the tissue as being
viscoelastic and being nonlinear. The introduc-
tion of viscosity to the tissue description allows
the tissue stiffness to be a function of the excita-
tion frequency (i.e., E(f)), where higher frequency
excitations yield a stiffer tissue response compared
with lower frequency excitations. These viscous
mechanisms also result in energy loss in the tis-
sue. Tissue nonlinearities imply that the strain in
response to an applied stress is dependent on the
absolute stress that is applied to the tissue (i.e.,
Young’s modulus is a function of strain, E(g)).

Elasticity imaging modalities generate images
of tissue stiffness [5,6]. They accomplish this by
applying a stress to the tissues, either using an
external excitation source, an internal, physi-
ologic motion source or acoustic radiation force
and measuring the resulting deformation (dis-
placement) in response to that stress. Based on a
stress/strain relationship, such as that in Equation 1,
this measured deformation in response to the
applied stress can be related to the tissue stiffness.
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W Stress sources

Elasticity imaging requires a source of stress
to deform tissue so that relative or absolute
responses to that stress can be measured to gener-
ate elasticity images. These excitation sources can
be external to the body and include mechanical
punches, vibrating rods and compression plates.
In ultrasound elasticity imaging, the ultrasound
transducer can be used to apply compression
to the tissues of interest through the skin sur-
face. The benefit of this excitation source is that
known stresses (or strains) can be applied to large
volumes of tissue, which can be useful when
screening tissues for lesions. A potential draw-
back to external excitation can be limited cou-
pling of these applied stresses into deep organs of
interest (e.g., the liver in an obese patient) due to
attenuation of the stress from the skin surface or
a physical barrier to coupling that stress into deep
organs, such as the presence of abdominal ascites.

To overcome the challenge of coupling stress
into internal organs of interest, some imaging
modalities utilize internal sources of motion, such
as cardiac, arterial or respiratory motion, to gener-
ate stress in organs of interest. While these stress
sources are internal and coupled nicely to adja-
cent organs, these stresses are complex, difficult
to quantify and variable through time. Regardless
of these challenges, many imaging modalities,
especially those characterizing cardiac [7-10] and
vascular tissues [11,12], successfully utilize these
sources of stress to generate elasticity images.

A unique stress source available to ultrasound
elasticity imaging is acoustic radiation force.
Acoustic radiation force results from a transfer
of momentum from the propagating ultrasonic
wave to the sound absorbing soft tissue. This
momentum transfer results in a body force in the
direction of the wave propagation and through
the use of longer and/or stronger acoustic pulses
than are typically used in diagnostic ultrasound,
transient tissue deformation on the order of
microns can be generated. The acoustic radiation
force (F) is a body force (i.e., a force applied over
a volume of material) that can be related to the
acoustic attenuation of the tissue (o), the acous-
tic intensity (I) and the sound speed (c) by [13,14]:

ol »

The spatial distribution of this acoustic radia-
tion force is the same as the acoustic intensity field
generated by a focused ultrasound transducer [15].

For all of the nonphysiologic stress sources
outlined above, theses stresses can be applied
(quasi) statically, where a stress state is applied
and held or dynamically, where the stress is

Imaging Med. (2011) 3(4)

applied impulsively (i.e., a transient excitation
typically lasting tens-to-hundreds of microsec-
onds) or harmonically (i.e., a sinusoid of one or
more frequencies).

B Displacement/strain estimation
Ultrasound elasticity imaging relies on acquiring
raw radio-frequency (RF) data before and after
a stress has been applied to the tissue to mea-
sure the deformation in response to that stress.
Traditional displacement estimation techniques
include normalized cross correlation (NCC)
methods [16] and phase-shift estimators [17,18].

Ultrasound imaging has very good resolution
in the axial dimension (the direction of acoustic
wave propagation), allowing displacements on
the order of single microns to be measured; how-
ever, the displacement resolution in the orthogo-
nal directions is typically an order-of-magnitude
worse as it is related to the acoustic beamwidth
at the focus (tenths to single millimeters) [19].

Some elasticity imaging modalities use the
displacement data (u) to measure the dynamic
response of the tissues; however, others compute
the strain (€) from these displacements:

€ = é((Vu)T +Vu) (3)

where Vu represents the spatial displacement
gradient and " represents the transpose opera-
tion. Typically these strain values are directly
displayed in elastograms, where under the
assumption of uniform stress, they are indicative
of stiffness (Equation 1) or these strains are used as
inputs for inverse material models to reconstruct
the material stiffness images [20). While these
strains have traditionally been axial strains (i.e.,
deformations in the direction of tissue compres-
sion), more recent efforts have focused on shear
strain and axial shear strain (strains orthogonal
to the direction of compression) estimation as a
means of characterizing additional information
about the connectivity of lesions to their sur-
rounding tissues [21-23]. This would be analo-
gous to a clinician evaluating the mobility of a
lesion with manual palpation, which can provide
differential information because mobile lesions
tend to be benign and anchored lesions tend to
have more aggressive desmoplastic reactions that
tether them to surrounding tissues [22,23].

B Shear waves

Another approach to elasticity imaging involves
generating shear waves that propagate through
tissue and imaging their propagation using
either ultrasound or magnetic resonance imag-
ing [24-30]. Shear waves propagate in a direction
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Figure 1. B-mode images and their corresponding strain elastograms in the breast.

(A & B) Fibroadenoma that is (A) clearly hypoechoic in the B-mode image and (B) delineated as a
discrete region of decreased strain (i.e., darker and, therefore, stiffer), in the corresponding
elastogram (B). (C & D) Cancer that is hypoechoic with (C) deep shadowing in the B-mode image
and (D) appears as a lower strain (i.e., stiffer) region in the elastogram, although the size is
significantly increased, possibly representing the desmoplastic response around this malignant mass.

Courtesy of Dr Timothy Hall.

orthogonal to the direction of the induced dis-
placement (in contrast to acoustic compressive
waves that propagate in the same direction as
the particle compression). Shear waves can be
generated using external sources such as a vibrat-
ing plate [26] or a mechanical punch [31] or using
acoustic radiation force [27]. These shear waves
propagate several orders-of-magnitude slower
than acoustic waves; therefore, they can be
imaged with high frame rates using ultrasound
imaging and can also be imaged using MRI.

The speed of propagating shear waves (c;) can
be related to the shear modulus (p) by:

G5 @

where p represents the soft tissue mass density
(typically 1.0 g/cm?). The shear modulus (p) in
Equation 4 can be related to the Young’s modulus
(E) in Equation 1 by:

E=3u (5)

under the assumptions of the soft tissue being
an incompressible, linear, elastic, isotropic solid.
Using the displacement estimation techniques
previously mentioned, the shear waves result-
ing from impulsive acoustic radiation force
excitations can be tracked through time and
space by using ultrasound tracking beams that
are spatially offset from the excitation [27-30].
There are also implementations of shear wave
imaging that rely on the interference patterns
of multiple shear wave sources, as is done in
sonoelastography [32].

Current research & commercial
implementations

B Compressive elastography

Ophir ez al. originally proposed generating quali-
tative images of tissue strain in response to com-
pressive stress as a means of imaging the stiffness
of soft tissues [33]. Many researchers have been
investigating the use of compressive elastography
to identify masses and to characterize their status
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as benign or malignant based on their material
properties. Hall ez 4/. has been studying the use
of elastography in the breast to help distinguish
benign fibroadenomas from malignant masses
(Frcure 1) [34]. There have also been efforts to spe-
cifically use tissue nonlinearity as a mechanism to
differentiate benign from malignant masses [35).

There are also studies using compressive elas-
tography in the setting of characterizing deep
vein thromboses, where compressive ultrasonic
evaluation is already the clinical gold standard,
to differentiate young clots from older clots
based on their stiffness [36). The same technology
is also being studied to differentiate inflamma-
tion from scarring in the setting of inflammatory
bowel disease [37].

Hitachi Medical Systems introduced one of
the first commercial implementations of com-
pressive elastography with their real-time tissue
elastography (RTE) tool that was introduced in
2003. The clinical utility of this imaging mode

Figure 2. Biopsy-confirmed invasive ductal carcinoma in the breast Hitachi

Real-time Tissue Elastography tool. The mass is identified as a region of

reduced strain (blue) in the elastogram, indicating that it is stiff and differentiating

from benign masses such as fibroadenomas that typically have more uniform

elastograms with adjacent healthy breast tissue.
Courtesy of Hitachi Medical Systems.
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Figure 3. B-mode and elastogram images of a prostate in a 79-year-old male with a PSA of
19.0 who had a negative digital rectal exam. The B-mode image has a slightly hypoechoic region
on the right lobe of the prostate (left side of the image) that appears as a uniform blue (region of
decreased strain, therefore stiffer) in the elastogram (delineated with the dashed yellow circles).
Pathology indicated that this mass was a carcinoma in the transition zone of the prostate.

Courtesy of Hitachi Medical Systems and Professor Akaza, Tsukuba University Hospital, Japan.

has been evaluated in the breast (Ficure 2) and pros-
tate (Ficure 3), demonstrating the potential clini-
cal utility for strain elastograms to differentiate

elasticity imaging [41], the GE Healthcare Logiq
E9 elastography mode [101] and the Philips iU22
elastography mode [102].

benign from malignant masses (38-40].

Compressive elastography imaging modes M Acoustic radiation force imaging
are now also available on the Siemens Acoustic radiation force impulse (ARFI) imag-
Medical Solutions ACUSON Antares™ and ing relies on acoustic radiation force to tran-
S2000™ ultrasound scanners as eSie Touch™  siently deform soft tissues and the resulting

[ee]
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Figure 4. B-mode, acoustic radiation force impulse and CT images of liver masses in healthy and fibrotic livers. Top row of
images shows a metastatic melanoma mass in an otherwise healthy liver background. (A) The mass appears as a hypoechoic region in
the B-mode image; (B) in the corresponding acoustic radiation force impulse (ARFI) image, the malignant mass does not displace as
much as the background liver tissue and can be interpreted to be stiffer than the liver tissue. (C) This mass is also identified as a region of
reduced opacity on the corresponding CT image, indicated with an arrow. (D) The images in the bottom row show B-mode and (E) ARFI
displacement images of a hepatocellular carcinoma in a fibrotic liver. In the ARFI image, the mass appears more compliant (i.e., displaces
more) than the stiffer, diseased liver tissue. (F) The corresponding CT image for this hepatocellular carcinoma, with the lesion indicated
with an arrow. The colorbars in the ARFl images represent displacement in microns.

Reproduced with permission from [42] © (2008) Physics in Medicine and Biology.
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displacement fields can be used to generate
images of relative stiffness over the region of
interest. Ficure 4 shows images of liver masses in
a study by Fahey er al., where the masses have
different displacement contrast relative to the
background liver tissue depending on the health
of that liver tissue [42].

Other clinical applications of ARFI imaging
that have been studied include the prostate, where
zonal anatomy and cancerous regions can be iden-
tified [43), along with breast mass imaging [44],
gastrointestinal tract imaging (45], regional anes-
thesia guidance [46], monitoring the growth of
thermal ablation lesions [47] and characterizing
cardiac [48] and vascular tissues [49-51].

As demonstrated in Fieures 1-4, qualitative
elasticity images display relative tissue stiffness;
quantifying absolute tissue stiffness of different
disease states is not possible with these relative
imaging modalities, which has motivated the
development of quantitative shear wave imaging.
These qualitative images do, however, provide
improved contrast that can be used concur-
rently with the B-mode images to improve the
visualization of anatomic structures and lesions.

Siemens Medical Solutions has implemented
a version of ARFI imaging on their ACUSON
S2000™ yltrasound scanner as the Virtual
Touch™ Tissue Imaging tool. Clinical studies
in Europe and Asia are actively being conducted
to evaluate the clinical utility of this imaging
modality [s2]. There are also implementations
of acoustic radiation force-based elasticity imag-
ing that characterize material properties through
harmonic excitations, as opposed to impulsive
excitations. Vibroacoustography (VA) (s3] and
harmonic motion imaging (HMI) [54] are two
such modalities that vibrate tissue using acoustic
radiation force and then generate images based
on the amplitude and frequency response of the
tissue to those excitations.

The use of acoustic radiation force methods to
characterize materials is also being researched for
in vitro applications, where novel devices, such
as the sonorheometer, are being used to charac-
terize blood coagulation in the operating room
setting for timely feedback to anesthesiologists
and surgeons [55].

B Qualitative elasticity image artifacts

Similar to shadowing, reverb and clutter artifacts
that can be present in B-mode images, elastic-
ity images are susceptible to their own artifacts
that clinicians must be trained to accommodate
during their interpretation. Tissue compres-
sion can lead to strain concentration artifacts

around structures that can lead to distortions in
the strain fields [56]; a common example of this
is demonstrated in a shear strain image of a stiff,
spherical inclusion in Freure 5 [21].

More complex structures will have equally
complex strain artifacts surrounding them
that challenge direct strain-to-stiffness image
interpretation.

In the qualitative acoustic radiation force-
based imaging modalities, dependencies on focal
gain and acoustic attenuation create gradients
in the acoustic radiation force field that directly
modulate the resultant displacement magni-
tudes [57]. In these settings, focal gain displace-
ment normalization can be applied to simplify
the interpretation of displacement as being
inversely proportional to stiffness, still under
the assumption of uniform acoustic attenuation
in these regions of interest. A demonstration of
how this displacement normalization can be per-
formed is shown in Ficure 6.

When transient excitations are used to gener-
ate qualitative displacement images (e.g., ARFI
images), attention must be paid to what time
after the excitation is being evaluated due to the
contrast reversal and changes in apparent struc-
tural size that can occur later in the transient
response [s8]. Current commercial applications
of ARFI imaging typically restrict image display
to the early times after excitation where displace-
ment amplitude can be more closely interpreted
as being inversely proportional to stiffness.

B Shear wave (quantitative) imaging

The inability for relative or qualitative stiffness
images to provide absolute stiffness informa-
tion provides challenges when trying to diag-
nose disease state based on stiffness metrics and
when trying to longitudinally follow changes in

x 10°

Figure 5. Compressive elastography strain concentration artifacts. (A) Shear

strain image of a spherical inclusion twice as stiff as the background material

simulated using finite elements; (B) estimated shear elastogram using the simulated

data. The colorbar represents the amount of strain.

Reproduced with permission from [21] © (2000) Ultrasonics.
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Figure 6. Acoustic radiation force impulse image displacement
normalization demonstrated in a homogeneous tissue-mimicking phantom.
(A) The B-mode image shows a region of phantom with homogeneous stiffness and
acoustic attenuation (0.7 dB/cm/MHz); (B) the corresponding acoustic radiation
force impulse image 0.3 ms after a radiation force excitation focused at 11 mm with
an F/1.3 focal configuration shows the impact of focal gain on the resulting
displacement profile. (C) After normalizing by the mean displacement amplitude as a
function of depth, (D) a more uniform normalized displacement image is achieved.
ARFI: Acoustic radiation force impulse.

Reproduced with permission from [s7] © (2006) Ultrasound in Medicine and Biology.

stiffness since other confounding factors may
affect the relative images (e.g., acoustic attenu-
ation). Sarvazyan ez al. proposed a method for
quantifying the absolute shear modulus of soft
tissue using the shear waves that are generated
from an impulsive acoustic radiation force excita-
tion [27] and experimental implementations with
the associated shear wave estimation algorithms
were subsequently developed [28,30]. ARFI imag-
ing has been extended to provide quantitative
stiffness metrics by measuring the arrival time
of shear waves at spatially offset positions from
the radiation force excitation [28,59,60] and has
been used to evaluate the possibility of diagnos-
ing liver fibrosis using noninvasive liver stiffness
measurements instead of liver biopsy in patients
being evaluated for nonalcoholic fatty liver dis-
ease (NAFLD), with promising data showing
the ability to differentiate advanced fibrosis/cir-
rhosis from mild to no liver fibrosis (Ficure 7) [61].
These trends are similar to those provided by
other elasticity imaging modalities, such as
FibroScan ((62] discussed below) and magnetic
resonance elastography (MRE), which are start-
ing to be used in place of biopsy to noninvasively
characterize liver stiffness [63].
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EchoSens has developed a dedicated stiffness
characterization system, the FibroScan®, to quan-
tify liver stiffness. This system relies on a mechan-
ical punch to generate shear waves that propa-
gate from the skin surface down into the liver
and the speed of these propagating shear waves
is measured with ultrasonic tracking techniques,
as discussed. While this system does not provide
ultrasonic imaging capabilities, it has received
appreciable usage in Europe and Asia, particularly
in studying liver fibrosis in patients with hepatitis
C and fatty liver disease [62,64]. Siemens Medical
Solutions has also implemented a version of ARFI
shear wave imaging on their ACUSON §2000°
ultrasound scanner as the Virtual Touch™ Tissue
Quantification tool. This is actively being stud-
ied and compared with the FibroScan® system to
measure liver stiffness in a variety of liver diseases
with very encouraging results [65].

Recently, SuperSonic Imagine released the
Aixplorer® ultrasound scanner that generates
quantitative elasticity images based on shear
wave propagation measurements for shear waves
generated with impulsive acoustic radiation
force. This ultrasound scanner is based on the
SuperSonic Imaging (SSI) technology developed
by Fink ez al. 30]. Initial clinical applications of
the Aixplorer® have been in characterizing breast
lesions (Ficure 8) [66] and the system is actively
being translated to applications in the liver, thy-
roid and prostate.

There are active research efforts looking at
more complex radiation force-derived shear wave
excitation sources to improve the accuracy and
resolution of these techniques, such as spatially
modulus ultrasound radiation force (SMURF)
by McAleavey ez al. (67) and higher-order recon-
struction [68-70]. Additionally, several groups are
investigating the use of more complex material
models to derive additional information about
tissue viscoelasticity [29,71].

B Quantitative elasticity

imaging artifacts

While static, qualitative strain-based elastic-
ity imaging has been actively researched for
almost 20 years, newer quantitative imaging
methods based on shear wave propagation are
still being established. Many of these modali-
ties have been developed under the assumption
of tissue homogeneity (at least over specific
regions of interest); however, additional stud-
ies should presented in the literature that assess
the validity of these modalities when they are
applied to image structures such as masses or
layered organs. In these settings, the boundary
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conditions and interference patterns associated
with shear wave reflections and transmission
can compromise the accuracy of these shear
wave reconstruction approaches, which could
lead to artifacts that could complicate image/
metric interpretation [72]. Application of these
technologies beyond the targets for which they
were developed should involve control studies
to establish the validity of the measurements in
new settings.

Future perspective

Elasticity imaging has extensive clinical poten-
tial in the fields of diagnostics and monitor-
ing. There has been demonstrated success in
the fields of tissue ablation monitoring where
ultrasound elasticity imaging can improve the
lesion contrast and border delineation over
B-mode imaging, providing the clinician with
additional information during these interven-
tional procedures [47,73-78]. Two common loca-
tions for tissue ablation include the liver and
the heart. In the liver, CT imaging can usually
visualize the lesions of interest, but CT imaging
cannot easily be used during an ablation proce-
dure and it is typically delayed postprocedure
to allow for localized tissue swelling to abate.
The fact that ablated tissue stiffens provides a
unique niche for ultrasound elasticity imaging
techniques to be used for real-time feedback
during the procedures, especially in the setting
where B-mode contrast of these growing lesions
does not become appreciable until bubbles have
formed and adjacent healthy tissue has been
charred [73]. Fluoroscopy and intravascular
B-mode guidance is typically used when RF
ablations are used to treat arrhythmogenic foci
in the heart. Unfortunately, B-mode imaging
does not clearly delineate ablation lesions as they
form, but similar to the stiffening of liver tis-
sue that occurs during ablations, cardiac tissue
also stiffens when ablated, providing a unique
opportunity for ultrasound elasticity imaging
to help interventional cardiologists during these
procedures to localize their lesions while sparing
adjacent healthy myocardial tissue [47].

With every new clinical technology, clinical
studies need to be performed to establish the
technology’s clinical utility, educate clinicians on
interpreting these new data and caution clinicians
about the limitations of those interpretations. As
exemplified in the liver mass study by Fahey ez al.
(Freure 4) [42], relative elasticity images have several
layers of interpretation beyond the initial observa-
tion and conclusion that more strain/displacement
means the target structure is more compliant. It
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can be difficult to determine if the stiffness of a
lesion or the background tissue has changed when
evaluating these relative stiffness images. Even so,
the clear delineation of lesion boundaries and the
increased contrast over B-mode images provides
significant additional clinical information.

To make quantitative elasticity imaging a
viable and useful clinical tool, large-scale stud-
ies need to be performed to establish elasticity
(stiffness) metrics for healthy and diseased tis-
sues. The current literature contains stiffness
values for soft tissues that span a wide range
that limits the utility of these metrics to glean
clinical information [2,4,79-81]. Given that many
assumptions are being made in the current com-
mercial implementations of elasticity imaging
(e.g., soft tissues are linear and purely elastic),
these stiffness metrics need to be accompanied
with information about the modes of excitation
(e.g., static vs dynamic, small vs large strain or
frequency of excitation, for example) that could
be used to help compare/contrast these differ-
ent imaging methods and establish a foundation
for higher-order material models to be used for
tissue stiffness reconstructions.

Stiffness metrics also need to be established
as a function of disease state and patient
demographic. While there are many hypoth-
eses for why tissues stiffen or soften in the face
of disease (e.g., scarring of the liver leads to
increased fibrotic tissue that is stiffer), these
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Figure 7. Liver stiffness, as characterized using acoustic radiation force

impulse shear wave imaging, as a function of biopsy-proven fibrosis stage
in patients being evaluated for nonalcoholic fatty liver disease. Choosing a
shear stiffness threshold of 4.24 kPa allowed F3-4 fibrosis stages (advanced fibrosis
and cirrhosis) to be distinguished from mild to no fibrosis (FO-2) with 90%

sensitivity and specificity (AUC = 0.90).
Data from [61].
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Figure 8. Characterization of a 5 mm grade lll infiltrating ductal carcinoma
using SuperSonic Imaging. (A) The B-mode image shows a slightly hypoechoic
region that is clearly delineated as stiff (red) in (B) the corresponding shear

velocimetry map.

Reproduced with permission from [66] © (2008) Ultrasound in Medlcine and Biology.

disease processes may exhibit differences in
their mechanical manifestation based on the
etiology of the disease, pre-existing conditions
and other variables associated with the patient’s
overall health such as blood pressure or perfu-
sion, for example. That being said, ultrasound
elasticity imaging has demonstrated great
clinical promise in the fields of noninvasively
diagnosing liver fibrosis with the FibroScan®,
Virtual Touch® Tissue Quantification and
Aixplorer® systems in the settings of viral
hepatitis and fatty liver disease and additional
clinical niches are being explored in the fields
of breast lesion characterization using the
Airxplorer® system [66].

The clinical potential for quantitative ultra-
sonic elasticity imaging can be seen in the cur-
rent applications of MRE ([63,82-84]. A very com-
prehensive review of MRE has been prepared by
Mariappan et al. [63], which demonstrates the
clinical utility of MRE in the area of diagnos-
ing liver fibrosis without needing liver biopsy.
Additionally, MRE is being investigated to
image pathologies in the brain, breast, blood
vessels, heart, kidneys and skeletal muscle and
some organs that ultrasound is not amenable to
imaging, such as lung. Ultimately, it may prove
that MRE and ultrasound elasticity imaging
methods may be synergistic in the clinical envi-
ronment and satisfy different niches (e.g., real-
time imaging and guidance with ultrasound
versus improved soft tissue contrast and 3D
tissue screening with MRE).

The study of more complex material mod-
els to represent soft tissues will also open new
doors of clinical opportunity as additional

metrics to differentiate disease states are
defined. In addition to tissue nonlinear-
ity, soft tissues are known to be viscoelastic
and frequency-based tissue responses have
been demonstrated in liver and breast tissue
by techniques such as Shearwave Dispersion
Ultrasound Vibrometry (SDUV) [29] and Shear
Wave Spectroscopy [71,85], in addition to the
MRE literature [63). Additionally, given that
water is known to redistribute throughout soft
tissue, more complex poroelastic tissue models
are also being explored to evaluate inflamma-
tion and lymphedema that may further expand
the clinical applications for ultrasound elastic-
ity imaging [86-89].

There are additional technical innovations
that can be made to improve the likelihood that
ultrasound elasticity will have clinical success
and utility. As obesity becomes more prevalent
in Western societies, the ability to image at
depth becomes more of a concern. Many tar-
get organs for elasticity imaging, such as the
liver and kidney, become increasingly difficult
to image as the amount of subcutaneous and
visceral fat between the ultrasound transducer
and the target organs increases. Adipose tissue
can be highly attenuating, reducing the ultra-
sound SNR at depth, which degrades conven-
tional B-mode image quality, compromising
the ability to accurately estimate displacement
and strain and reducing acoustic radiation
force amplitudes. Improvements in transducer
technology to achieve greater acoustic output
without lens heating will allow stronger and
longer ultrasound pulses to be delivered to the
tissue without risking transducer damage [90].
Additionally, improvements in displacement
and strain estimation in the presence of noisy
signals will allow for improved elasticity imag-
ing without necessarily increasing the acoustic
exposure to patients. More advanced algorithms
are actively being studied by many research
groups [91-93].

It is likely that the ‘difficult to image patient’
could be successfully imaged with stronger and
longer ultrasonic pulses for deeper B-mode
imaging and for acoustic radiation force-based
imaging modalities; however, most systems are
using the maximum US FDA-allowed acoustic
output. Therefore, the current diagnostic ultra-
sound safety limits imposed by the FDA would
need to be revisited in the context of applying
these elasticity imaging methods in the obese,
‘difficult to image’ population. Current diag-
nostic ultrasound limits are based on the acous-
tic output limits that were possible decades ago;
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more comprehensive studies involving the bioef-
fects of short-duration, radiation force-based
pulses need to be performed in the context of
thermal exposure and cavitation risk, as are
currently regulated via the thermal index (TT)
(94], mechanical index (MI) and spatial-peak-
temporal-average intensity. These limits are
actively being studied [94-97) and revising these
guidelines could open more doors of opportu-
nity for radiation force-based ultrasonic elastic-
ity imaging in challenging patient populations.
While in the research setting there has been no
anecdotal evidence of adverse events in limited
clinical tests that have been performed with
moderately elevated acoustic output limits [61],
revisiting clinical limits may require additional
bioeffect analyses.

Overall, the future of ultrasound elasticity
imaging in the clinical setting is very bright.
Successful studies demonstrating the utility of
elasticity imaging have been performed in the
context of characterizing cancerous lesions in
the breast, prostate, liver and thyroid, staging
liver fibrosis noninvasively, evaluating venous
clots, visualizing tissue inflammation/scarring
and in monitoring thermal ablation proce-
dures. Even more clinical opportunities will be
generated as additional and future-generation
commercial implementations of these technolo-
gies are made available to clinicians to facili-
tate large-scale studies for a variety of disease
processes. The fact that ultrasound elasticity
imaging also provides real-time feedback in a

cost-effective manner, without the use of ioniz-
ing radiation, will also become appealing in the
future as healthcare costs need to be reduced and
new concerns to reduce patient and physician
exposure to radiation are addressed in medical
centers around the world.
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Executive summary

= Ultrasound elasticity images of soft tissue stiffness are generated by measuring the displacements/strains that result from an
applied stress.

= Sources of stress include physiologic motion, tissue compression with the ultrasound transducer and focused acoustic radiation force
excitations in the tissues of interest.

= Real-time relative tissue stiffness images can be generated and related to stiffness under several material assumptions.

= Real-time quantitative soft tissue stiffnesses and stiffness images can be reconstructed by measuring the propagation speed of shear
waves resulting from transient acoustic radiation force excitations or mechanical vibrations.

Current research & commercial implementations

= Qualitative elasticity images can provide better contrast and spatial resolution than B-mode images in some cases.

= Quantitative elasticity data can be used to longitudinally monitor disease state and to potentially evaluate disease severity (e.g., liver
fibrosis, benign vs malignant distinction).

= Large-scale studies need to be performed to characterize the stiffness of healthy and diseased soft tissues, especially in the presence of
confounding factors such as blood pressure and operator dependencies.

= Ultrasound stiffness images can contain artifacts, similar to those present in B-mode images, that clinicians must be trained to interpret
(e.g., strain concentration artifacts or acoustic radiation force attenuation dependencies).

Future perspective

= Diagnostic ultrasound transducers and associated safety limits need to be re-evaluated in the context of acoustic radiation force-based
imaging modalities to extend their application to patients who are difficult to image (e.g., high BMI).

= The assumptions surrounding soft tissue stiffness reconstructions and the associated image artifacts when they are violated need to be
evaluated, especially when technologies are applied to new clinical problems for which they were not developed.

= Ultrasound elasticity imaging has strong clinical potential in the future as a safe, cost-effective means of diagnosis and
disease monitoring.
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