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Abstract—The development of ultrasound-based elasticity
imaging methods has been the focus of intense research ac-
tivity since the mid-1990s. In characterizing the mechanical
properties of soft tissues, these techniques image an entirely
new subset of tissue properties that cannot be derived with
conventional ultrasound techniques. Clinically, tissue elastic-
ity is known to be associated with pathological condition and
with the ability to image these features in vivo; elasticity im-
aging methods may prove to be invaluable tools for the di-
agnosis and/or monitoring of disease. This review focuses on
ultrasound-based elasticity imaging methods that generate an
acoustic radiation force to induce tissue displacements. These
methods can be performed noninvasively during routine exams
to provide either qualitative or quantitative metrics of tissue
elasticity. A brief overview of soft tissue mechanics relevant to
elasticity imaging is provided, including a derivation of acous-
tic radiation force, and an overview of the various acoustic
radiation force elasticity imaging methods.

I. INTRODUCTION

THE elasticity (i.e., stiffness) of soft tissues has been
related to pathological condition since early medicine.
In 400 B.C., Hippocrates noted that abdominal swellings
that are “soft, free of pain, and yield when pressed with
the finger, are more chronic” compared with those that
“as are painful, hard, and large, indicate danger of speedy
death” [1]. Manual palpation is still commonly used in
routine physical examinations to assess tissue health and
monitor disease progression. For instance, the presence of
stiff masses found during routine breast exams is often an
early indication of breast cancer [2]-[5]. Although indis-
pensable for medical diagnosis, manual palpation methods
are relatively subjective and limited to superficial struc-
tures. With the ability to measure the elasticity of tissues
deep within the body, ultrasound-based elasticity imaging
techniques offer great clinical promise.

Unlike conventional B-mode imaging that differenti-
ates features with dissimilar acoustic properties, elastic-
ity imaging methods differentiate features and/or struc-
tures with different mechanical properties. To do so, the
methods involve both the excitation of soft tissues and
a monitoring of the deformation response. This response
can be related to qualitative and/or quantitative measures
of stiffness.
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Several groups have been investigating the use of elas-
ticity imaging methods in ultrasound. These methods can
be classified according to the source of excitation used
to deform the tissue. The first ultrasound-based elasticity
imaging methods relied upon the use of an external force,
such as a transducer to compress the skin as in elastog-
raphy or strain imaging [6], [7]. Similarly, a mechanical
vibrator can be used to vibrate the tissue at specific fre-
quencies in sonoelasticity [8], [9]. Natural, physiological-
based sources can also be used to deform the tissue. These
methods take advantage of breathing, cardiac motion, or
arterial pulsation to derive elasticity information [10]-[14].
In this paper, we will focus on the more recently developed
acoustic radiation force (ARF) elasticity imaging meth-
ods that generate an acoustic radiation force excitation to
cause localized displacements within the targeted region
of interest. For more information on all of these meth-
ods, the reader is referred to excellent reviews provided
by [15]-[18].

As shown in Fig. 1, ARF methods use a focused remote
device to generate a sufficient acoustic radiation force to
cause localized displacements. Using either a separate or
remote device, the deformation can be monitored spatially
and temporally. Because the force is applied directly to
the region of interest, ARF methods are associated with
smaller strains, are less impacted by external boundaries,
and unlike external excitation methods, they do not face
problems associated with coupling the excitation within
the targeted region.

In this paper, a review of soft tissue biomechanics is
provided to describe the common assumptions and elas-
tic moduli often cited to quantify tissue elasticity. The
phenomenon of acoustic radiation force is discussed with
an accompanying derivation. Various ARF methods, clas-
sified according to the temporal duration of the applied
acoustic radiation force and the location of the tracking
beams, are discussed along with clinical applications and
commercial implementations for selected methods. In
looking at the future of ARF methods, current challenges
and opportunities are discussed.

II. BACKGROUND
A. Soft Tissue Biomechanics
The deformation caused by an applied force of a mate-

rial body in a reference (i.e., initial) configuration to some
deformed configuration is associated with 1) a restoring
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Fig. 1. General concept of ARF-based elasticity imaging methods. 1)
A focused ultrasound transducer is used to generate sufficient acoustic
radiation force to cause localized tissue displacements. 2) The resulting
deformation is monitored using the same or a separate remote device.
Image adapted from [55].

stress that satisfies equilibrium and 2) a strain describ-
ing the deformation. In continuum mechanics, a material
body is idealized as being infinitely divisible such that
the deformation, stress, and strain are functions of the
position of each infinitely small volume within the con-
tinuum body. A brief review of these concepts is shown
in Fig. 2, where a restoring stress and associated strain
on a small infinitesimal volume are illustrated for an arbi-
trarily, yet physically realizable, prescribed loading. Note,
stress and strain are tensor quantities (Table I) containing
both normal (i.e., diagonal) and shear (i.e., off-diagonal)
components. For a more in depth review of these concepts
and mathematical operations, the reader is referred to any
elementary mechanics reference, e.g., [19].

Stress represents the force per unit area that counter-
acts the applied force. As an equation of equilibrium relat-
ing these quantities, Newton’s second law of motion can
be expressed in terms of the Cauchy’s stress tensor (7) as

agi'
fi = WJ = Pa;, (1)

J

where f represents an externally applied force per unit
volume and @ is the particle acceleration [19].

The strain relates the deformed configuration of a ma-
terial to its initial reference configuration; specifically rep-
resenting the change in length per unit length. Normal
strains correspond to pure compression and/or expansion,
whereas shear strains involve a twist (Fig. 2). As a kine-
matic expression of particle motion, the strain can be
written in terms of the displacement (i) according to
720z, Oz Oz, Oz,

The elasticity of a material describes its tendency to
deform in response to an applied force, such that the goal
of elasticity imaging methods is to relate stress and strain.
Note, however, that the equations of stress equilibrium
and kinematics are indeterminate, such that a constitutive
equation is needed to relate these quantities. For complex
materials it is nearly impossible to derive a constitutive
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Fig. 2. Brief overview depicting an arbitrary, yet physically realizable,
restoring stress (7) and associated strain (€) that develops in an infini-

Top Front

tesimal volume of a material body when an external force (f) is applied.
(a) The restoring stress (0) satisfies equilibrium, according to (1), when
an external force (f) is applied to the body. (b) The resulting deforma-
tion can be described by the displacement field (4) related to the position
of the infinitesimal volume in the reference ()?) and deformed ()_f ") con-
figurations. (c¢) The associated strain (£) also describes the deformation
and is related to the displacement () according to (2). Here, the defor-
mation is portrayed in 3 different orientations to illustrate both normal
strains (€11, €99, and £33) in the top and side views and shear strains (g1
and €91) in the front view.

equation that can accurately model the material under
any loading. As such, many assumptions are typically
made to describe the material behavior under the particu-
lar loading conditions being investigated.

In general, soft tissues are viscoelastic, inhomogeneous,
and anisotropic [20]. As viscoelastic materials, soft tis-
sues exhibit properties of both elastic solids and viscous
fluids, whose particular response is dependent upon the
frequency of excitation [21]. Ignoring viscous forces and
neglecting the non-linear terms in (2) (i.e., assuming small
strains) soft tissues are often described to a first-order ap-
proximation as linear, elastic solids. If homogeneous and
isotropic conditions are also assumed, a constitutive equa-
tion describing the relationship between stress and strain
can be represented as

Uij = Aekké‘ij + 2/.1462] (3)

which depends on two material coefficients known as the
Lamé constants (A and p).
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TABLE I. NOMENCLATURE.

Ty, To, T3 Euclidian space coordinates
1,7 Spatial vector and tensor subindices!
0 Kronecker delta

G =0y Cauchy stress tensor
E=¢y Strain tensor

U = u; Particle displacement
U= Particle velocity

a=q; Particle acceleration

f =/ Applied force

v Spatial gradient operator
V. Divergence operator

V x Curl operator

V2 Laplacian operator

() Time-average

A Lamé constant

I Lamé constant (shear modulus)
E Young’s modulus

v Poisson ratio

7 Equivoluminal displacement
P Dilatational displacement

p Material density

cr, Longitudinal wave speed

cr Transverse wave speed

P Scalar pressure

k Bulk viscosity

i Shear viscosity

F Acoustic radiation force

1 Time-average intensity

« Absorption coefficient
f-number f-number

z Focal depth

D Aperture width

o Jitter

1o Center frequency

T Correlation window length
B Fractional bandwidth

Pe Correlation

SNR Signal-to-noise ratio

Following Einstein convention, summation is implied over repeated
vector and tensor subindices. For an in depth review of vector and
tensor notation and operations the reader is referred to [19].

Various elastic moduli exist to define the elasticity of
a material. In the literature, the stiffness of a material is
most commonly reported in terms of the Young’s modulus
(E), which describes a material’s resistance to deformation
in uniaxial compression/tension. The shear modulus (1)
describes the resistance to shear. The Poisson’s ratio (v)
describes the deformation that occurs orthogonal to that
of the applied force. For a homogeneous, isotropic, linear
elastic material (3), these moduli completely define the
elasticity of the material and are related according to

_E:MT:iw’ (4)
A

v :ma (5)
E

=50+ (6)

For incompressible materials, » = 0.5 and (6) reduces to
w= E/3.
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Taking the spatial derivative of (3) according to (1) and
expressing the particle acceleration in terms of the particle
displacement (@ = 9%i/0t?), the governing equation for
wave propagation in a linear, elastic, isotropic material
can be expressed as

%

O+ 2 (VY - i)} = ¥ x Vi) = ps

(7)

Here, V is the spatial gradient operator, V - is the diver-
gence operator, and V X is the curl operator.

There are two primary modes of wave propagation in
soft tissues. In longitudinal (i.e., compressional or pres-
sure) waves, the particles oscillate in the direction of wave
propagation. With shear waves, the particles oscillate in a
direction that is transverse with that of the wave propaga-
tion [21]. The Helmholtz theorem can be used to decom-
pose the displacement vector field into the curl-free, longi-
tudinal, scalar potential (¢) and the divergence-free,

-

transverse, vector potential (f) according to [22]
i =Vip+Vxb. (8)

Separating components leads to two wave equations
that separately describe the longitudinal and transverse
propagation, respectively defined as

1 0% A+ 2u)
V%) — —— =0, = [ 9
v c% ot? L p ©)

- 10% Jﬁ
VH - —— =0, =[5
c4 ot? °r P

Note, the speed of the propagating longitudinal waves (¢r))
and transverse waves (c¢r) are expressed in terms of elastic
moduli.

A common deviation from the linear elastic model as-
sumed herein, accounts for the soft tissue being nonlinear
such that the stiffness is dependent upon the strain mag-
nitude. To account for dispersion, in which the stiffness is
dependent upon the excitation frequency, soft tissues can
also be modeled as viscoelastic solids [20].

(10)

B. Acoustic Radiation Force

The phenomenon of acoustic radiation force generation
results from the transfer of momentum from an ultrasonic
wave in an attenuating medium, where the pressure and
particle velocity become out of phase. Note that, at ultra-
sonic frequencies, soft tissues do not support shear stresses
and are more accurately modeled as viscous fluids [21],
[23]. Therefore, the approach by Nyborg [24] and Eckart
[25] is followed herein, using a linear viscous fluid model
that, unlike the elastic model, can account for the appre-
ciable loss of energy from the propagating wave to derive
an equation for acoustic radiation force. For an incom-
pressible material, the constitutive equation for a linear
viscous fluid can be described by
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2
o, = —pb; + [k - ng]Dkkfsij +2uDy,  (11)

where Dj; = 1/2(0v;/0z; + 0v;/0x;) represents the rate of
deformation, (¥) is the particle velocity, and p is a scalar
pressure. The material constants k and jy represent the
bulk viscosity and shear viscosity, respectively [19].

For a fluid particle, the acceleration can be expressed as
the sum of the local particle acceleration and the convec-
tive acceleration according to [26]
L0 L,

= = . . 1
@ =g+ Vo (12)

Combining (1) and (12) leads to the Navier—Stokes
equation, which relates the equation of motion (1) in
terms of the velocity components. For a linear viscous
fluid model described by (11), this reduces to
v

_ Hi T 2% — 3.vy
Vp—i—[k—i— 3]VV v—i—usv—p[at—i—v Vv].

(13)

To approximate a solution to (13), a perturbation anal-
ysis [27] is used to expand the density, pressure, and ve-
locity in terms of time-dependent approximations to the
steady-state solutions with higher-order, time-indepen-
dent correction terms. Applied to the right-hand side of
(13) and keeping up to the second-order terms, this ap-
proximation leads to

0V,

Op,U
PUW L1

ot

Here, pg represents the material density, ¥; and p; are
first-order approximations (i.e., the sinusoidal time-vary-
ing response) for the particle velocity and density, respec-
tively, and U, is a higher-order correction term that repre-
sents the acoustic streaming velocity.

Taking the time-average (indicated by ( )) of (14) leads
to the following expression for radiation force (F):

For an exponentially attenuating plane wave, this force

can be expressed in terms of the time-average intensity (I)
at any given spatial location as

- 2l
F="", (16)
CL

where « represents the absorption coefficient and ¢, is the
longitudinal wave speed [23], [24], [28].

Herein, an expression for the acoustic radiation force
was derived from the right-hand side of the Navier—Stokes
equation (13). In performing a similar perturbation analy-
sis and time-averaging to the left hand side of (13) and

assuming that (V - ¥,) is negligible, as was done in Nyborg
[24], leads to

F = ~Vpy + 1;V%,, (17)
where py represents a second-order pressure term.

From this expression, the radiation force is described
in terms of the shear viscosity operating on the Laplacian
operator of the velocity field (i.e., a diffusion of momen-
tum) such that the acoustic radiation force represents a
transfer of momentum from the acoustic wave to the ma-
terial [24]. In this derivation, any contribution from scat-
tering has been ignored such that the momentum transfer
is assumed to be only due to absorption of the acoustic
energy alone. In soft tissues, where absorption dominates
scattering, this assumption seems valid [29]. For this rea-
son, the absorption coefficient is typically replaced with
an attenuation coefficient.

Note that because this force is related to the time-av-
erage intensity, the excitation frequency of the resulting
radiation force is much lower than that of the incident
ultrasonic wave. Therefore, although a linear viscous fluid
model was used to account for the generation of an acous-
tic radiation force, often a linear elastic solid model (3) is
used to describe the response of soft tissues that occurs at
these lower frequencies.

In conventional ultrasound imaging, the magnitude of
acoustic radiation force is relatively small, such that tissue
displacements are negligible (<1 pm). To generate suffi-
cient acoustic radiation force, ARF methods use a focused
transducer and longer and/or higher power acoustic puls-
es. Peak acoustic radiation force magnitudes are typically
on the order of dynes for in wvivo applications, creating
tissue displacements in the range of 1 to 10 pm.

The acoustic radiation force field is spatially distribut-
ed under the active transducer aperture and is dependent
upon the material properties and characteristics of the
transmitted beam. As shown in (16), the acoustic radia-
tion force is a function of the absorption (i.e., attenuation)
and intensity. Although higher attenuation increases the
amount of momentum transfer to the medium, it decreas-
es the intensity of the acoustic wave. Because attenuation
is frequency- and depth-dependent, the optimal frequency
used to generate an acoustic radiation force is application-
specific and involves a tradeoff between attenuation losses
in the near field and focal point gain. In general, an in-
creased attenuation or frequency is associated with more
near-field losses and a more uniformly distributed force
[30]. The focal configuration of the transmitted excitation
beam can be tailored to account for these effects. The
transmit f-number,

z
f-number = —

z (1)

dictates the depth of field and beam width, where 2z is the
focal depth and D is the aperture width.
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Fig. 3 shows a finite-element method (FEM) simula-
tion depicting the axial displacements induced in a 3-D,
homogeneous, isotropic, linear, elastic solid model with £
= 10 kPa by an impulse-like (i.e., short duration) 45 ps,
f-number 1.3, 6.7-MHz acoustic radiation force excitation
[23]. The response at 3 time steps following the applica-
tion of the acoustic radiation force is portrayed in Figs.
3(a)=-3(c). Initially, the acoustic radiation force is localized
within the focal zone, often referred to as the region-of-
excitation (ROE), resulting in the peak displacement in
Fig. 3(a). Shear waves created at the edges of the ROE
propagate orthogonally to the direction of the applied
force, causing off-axis displacements of decreased magni-
tude resulting from a spreading of the acoustic energy
depicted in Figs. 3(b) and 3(c). The response recorded at
three locations distributed across the lateral dimension
within (pink x) and outside (red circle and green square)
the ROE through time is depicted in Fig. 3(d). In het-
erogeneous soft tissues, this dynamic response becomes
much more complicated because of wave reflections at
material boundaries and acoustic impedance mismatches
[31]. With the white-dashed lines depicting the material
boundaries between an E = 10 kPa central layer and two
softer F = 2 kPa outer layers, Fig. 4 portrays this more
complicated response for the same transducer configura-
tion represented in Fig. 3. In Fig. 4(d), note the presence
of multiple distinct peaks indicative of the initial shear
wave propagating away from the ROE, and also the re-
flected shear wave traveling back toward the ROE.

C. Monitoring the Deformation Response

To derive meaningful information, ARF methods rely
upon the ability to accurately monitor the tissue motion
induced by the applied acoustic radiation force. Using con-
ventional pulse—echo ultrasound, the tissue motion can be
monitored spatially and temporally. Typically performed
using phase shift or cross-correlation based algorithms,
an estimate of tissue displacement can be made between
signals collected before the excitation (reference) and after
the excitation (tracking).

1) Cross-Correlation Methods: Developed for estimating
blood flow velocities from RF data, the cross-correlation
technique [32] measures the similarity between a windowed
length of data from the reference and tracking signals. Of-
ten referred to as a time-delay estimation technique, the
time shift that results in the maximum cross-correlation
value indicates when the two signals are most similar and
represents the time used to form a displacement estimate.
With better performance, the normalized cross-correlation
method reduces the impact of bright scatterers and is of-
ten considered the gold standard for ultrasonic displace-
ment estimation [33].

2) Phase Shift Methods: In 1985, real-time 2-D color
flow imaging was made possible with a 1-D autocorrela-
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tion phase shift estimation method developed by Kasai et
al. [34]. Unlike cross-correlation methods that operate in
the time-domain on RF data, the phase-shift methods op-
erate in the frequency domain utilizing the less memory-
intensive demodulated in-phase and quadrature (IQ) data.
Improved performance can be obtained using the 2-D
autocorrelation method developed by Loupas et al. [35],
which accounts for local variations in the center frequency
of the received echo for each displacement estimate. For
the small displacements typically encountered with ARF
methods, the 2-D autocorrelation method performs rea-
sonably well compared with normalized-cross correlation
and is less computationally intensive [36].

3) Sources of Bias and Jitter: The ability to accurately
estimate tissue motion is quantified by an estimator’s bias
and jitter. Derived by Walker and Trahey [37] from the
Cramér—Rao lower bound, a theoretical lower limit for
the jitter (o) of correlation-based tracking algorithms for
partially correlated speckle signals, assuming a flat power
spectral density, can be expressed as

3 1 1Y
7= \/2f37r2T(B3 + 123)[;)3[1 * m) B 1]’ (19)

where SNR is the signal-to-noise ratio, f, is the transducer
center frequency, T is the correlation window length, B is
the fractional bandwidth, and p. is the correlation value
between the signals.

Jitter, which can empirically range from 1 to 5 pm
for typical diagnostic ultrasound, results in noisy images
and inaccurate moduli estimates [31], [36], [37]. For ARF
methods, scatterer shearing beneath the point spread
function can decrease the correlation between the refer-
ence and tracking pulses and result in increased jitter and
an underestimation of the true displacement magnitude
[38], [39]. Recently, harmonic methods for tracking the
displacements induced by an acoustic radiation force ex-
citation have been developed by Doherty et al. [40] to
suppress clutter for improved jitter reduction and feature
detection.

III. IMAGING METHODS

In 1990, Sugimoto et al. [41] proposed that “radiation
force of ultrasound is used instead of fingers” as a means
of extending palpation methods to internal organs. Since
then, a variety of ARF methods have been investigated.
As shown in Fig. 5, these methods can be classified ac-
cording to the temporal duration of the applied acoustic
radiation force excitation and the location of the track-
ing beams used to measure the deformation response. In
general, the excitation (pushing) pulses can be applied
1) quasi-statically to achieve a steady-state response, 2)
transiently in an impulse-like fashion, or 3) harmonically
to excite the tissue at specific frequencies.
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Fig. 3. Finite-element method (FEM) simulated response in a 3-D, homogeneous, isotropic, linear, elastic solid (E = 10 kPa) depicting the axial dis-
placements from an impulsive 45 ps, f-number 1.3, 6.7-MHz acoustic radiation force excitation. The axial displacements depicted at 3 different time
steps following excitation in (a) through (c¢) show the propagation of shear waves away from the region-of-excitation (ROE). (d) The displacement-
through-time profiles show the axial displacements occurring at the focal depth for each of 3 separate lateral locations, located both on-axis (pink X)
and off-axis (red circle and green square). These profiles reflect the decreased displacement amplitude with increased distance from the ROE caused
by geometric spreading.

t=0.20 ms t=1.00 ms t=3.40 ms

20 T
——0.0 mm
—e—1.6 mm
—&—3.2 mm

= -
o (6}

Axial Displacement (um)

(o))

Time (ms)

(a) (b () (C))

Fig. 4. Finite-element method (FEM) simulated response depicting the axial displacements from an impulsive 45 ps, f-number 1.3, 6.7-MHz acoustic
radiation force excitation in a 3-D linear, isotropic, elastic solid consisting of a stiffer material (E = 10 kPa) centered between two softer materials
(E = 2 kPa). The material boundaries are indicated by the white dashed lines in (a) through (c), which depict the axial displacements at 3 distinct
times following excitation. In (b) the shear waves have not reached the layer boundaries and only the initial shear waves propagating from the region-
of-excitation (ROE) are observed. In (c), just after the shear waves reached the center material boundary, the reflected and transmitted waves are
depicted. (d) The displacement-through-time profiles show multiple distinct peaks indicative of both the incident shear waves along with the reflected
shear waves introduced by the material boundaries.



DOHERTY ET AL.. ACOUSTIC RADIATION FORCE ELASTICITY IMAGING IN DIAGNOSTIC ULTRASOUND 691

4 )
Ultrasound Elasticity Acoustic Radiation Force External Internal Physiologic
Imaging Methods Excitation Methods ) Excitation Methods Excitation Methods

|
1

4 \
EXClta_'tlon ( Quasi-static ' (Transient (Impulsive)) Harmonic
Duration )

\_ J

( N\

Tracking Beam
g (‘on-axis ) ((on-Axis ) (off-Axis ) On-Axis (ofr-Axis
Location
\_ J
I I I 1 — —1
Acoustic || Sonorheometry | | Are1 || swer || sst |[ sws || smure | vibro- || vt |[ spuv || cws |
Streaming in acoustography
Diagnostic
Ultrasound

Fig. 5. Ultrasound-based elasticity imaging methods can be categorized by the excitation source used to deform soft tissue. As presented herein,
acoustic radiation force methods can be further classified according to the duration of the applied acoustic radiation force excitation and the location
of tracking beams used to monitor the deformation response. These methods include: acoustic streaming in diagnostic ultrasound [43], [44], sonorhe-
ometry [42], acoustic radiation force impulse (ARFI) imaging [47], [48], shear wave elasticity imaging (SWEI) [72], supersonic shear imaging (SSI)
[87], shear wave spectroscopy (SWS) [93], spatially modulated ultrasound radiation force (SMURF) [94], vibro-acoustography [99], [100], harmonic
motion imaging (HMI) [106], shear wave ultrasound dispersion ultrasound vibrometry (SDUV) [108], and crawling wave spectroscopy (CWS) [115].

Tracking beams can be positioned either within the
ROE (on-axis) or outside the ROE (off-axis). Note that
with on-axis methods, wherein the deformation is moni-
tored at the location of the applied excitation, the mea-
sured response is dependent upon the magnitude of the
applied force. Because this force depends upon material
properties, which are unknown in vivo, on-axis methods
can generally only provide relative measures of elasticity
and are often considered qualitative methods. This can be
somewhat confusing, however. For instance, in sonorhe-
ometry [42], a force-free parameter can be estimated from
on-axis measurements using a model-based approach.
Because it does not depend upon the magnitude of the
applied force, this can serve as a quantitative parameter
that describes the tissue elasticity. In general, quantitative
estimates are most commonly performed using off-axis
methods by estimating the speed of shear waves propagat-
ing outside the ROE to estimate the shear modulus from
relationships such as (10).

In the following sections, a short description of the
various ARF methods that have been developed is pre-
sented. Clinical applications and implementations on com-
mercially available scanners will be discussed for selected
methods. An overview of these methods, depicting the dif-
ferent manners in which acoustic radiation force can be
used to induce soft tissue deformation and the relationship
between pushing beam and tracking beam locations, is
provided in Fig. 6.

A. Quasi-Static Methods

In quasi-static methods, a steady-state tissue response
can be attained by applying the acoustic radiation force
excitation at a high pulse repetition frequency (PRF) for
a relatively long duration. Because tissue heating can be a
concern at a high PRF, quasi-static methods have gener-
ally been applied in fluids, where the forces required to
achieve a measurable deformation are less than in soft tis-
sue. The on-axis response can be monitored using either a
separate monitoring device or the same transducer.

1) Acoustic Streaming in Diagnostic Ultrasound: Acous-
tic streaming is the fluid flow induced by acoustic radia-
tion force in a viscous fluid. Using conventional Doppler
techniques, the velocity of the induced fluid flow can be
measured [43]. Clinically, this method was applied by
Nightingale et al. [44] to differentiate fluid filled lesions
(cysts) from solid lesions in breast tissue.

2) Sonorheometry: Developed by Viola et al. [42], the
fluid/solid response of blood to a quasi-static acoustic ra-
diation force excitation can be monitored to assess prop-
erties of coagulation in a method termed sonorheometry.
Using a model-based approach, the measured response
can be fit to a viscoelastic Voigt fluid model to deter-
mine the time-constant (7), a force-free parameter that
provides a quantitative estimate of the rate of stiffening.



692

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 60, NO. 4, APRIL 2013

Pushing Beam

Tracking Beam

I:l Transducer

Acoustic streaming in a
fluid medium is caused by

: excitation from a single

" pushing beam. The

\ displacement response is
monitored on-axis with
multiple tracking beams at a
single location.

(@) Acoustic Streaming & Sonorheometry

At a single location the
deformation response is
monitored on-axis, with a
tracking beam aligned with
the pushing beam axis. This
push and receive sequence
is swept across the lateral
field of view.

(b) Acoustic Radiation Force Impulse (ARFI)

S

Shear waves generated by

\ /7 \ /
LT S O a single pushing beam are
‘I I' 'l : tracked at multiple off-axis
el lateral locations, distributed
Py throughout the field of view
/ ‘\ / \\ with known separation
/ /

distance from the pushing
beam.

(c) Shear Wave Elasticity Imaging (SWEI)

Create a near plane wave
supersonic shear front by
rapidly, successively
focusing the push at multiple
axial depths. Monitor shear
wave propagation off-axis

at multiple locations.

/I \ /

(O A

(|

! Il -m

11

g8

T N B
A/ \

Supersonic Push

(d) Supersonic Shear Imaging (SSI) &
Shear Wave Spectroscopy (SWS)

[ |
\
/

\ /
\ 1

Create a shear wave at each
of 2 push locations separated
from the single track
location by known distances
(At and Ap+At). Monitor the
propagation of shear waves
generated by each push at
the track location.

(e) Spatially Modulated Ultrasound

Radiation Force (SMURF)

8t
R
8
I\

f @_{ r@ f+Af

| | Hydrophone

(f) Vibro-acoustography

Transmit 2 pushing beams at
slightly offset frequencies

to vibrate overlap region at
the beat frequency (Af).
Record phase and amplitude
of vibration with
hydrophone.

AM input

Create harmonic vibrations
using amplitude modulation.
With a separate transducer,
monitor the amplitude of
displacements through time.

(g) (AM) Harmonic Motion Imaging (HMI)

AM input

|1 1

Use amplitude modulation
to create monochromatic
shear waves with known
frequency (f;). Record
phase at 2 different track
locations separated by
known distance (Ax).

(h) Shearwave Dispersion Ultrasound Vibrometry (SDUV)

Transmit 2 pushing beams at
slightly offset frequencies
to create slow moving

crawling waves. Monitor
interference pattern with
Doppler techniques.

(i) Crawling Wave Sonography (CWS)

Fig. 6. Overview of acoustic radiation force elasticity imaging methods in diagnostic ultrasound.
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Images of the time constant as function of time after a
blood sample is withdrawn from a subject, Fig. 7, indi-
cate blood stiffening (i.e., decreased 7) over time and can
be used to differentiate subjects with a clotting disorder
(Subject 3) from normal subjects [42]. More recently, an
adaptive force method that adjusts the PRF of the ap-
plied excitations based on the maximum displacement has
been developed for an improved dynamic range of stiffness
measurements [45].

HemoSonics LLC has recently introduced a portable
analyzer based upon sonorheometry for characterizing
blood hemostasis in several settings.

B. Transient Methods

By applying an impulse-like (short duration) acous-
tic radiation force excitation, the transient deformation
response of soft tissue can be monitored to derive elas-
ticity information. Using conventional pulse-echo ultra-
sound the displacement response can be monitored both
spatially and temporally. For more information on these
methods, the reader is referred to recent reviews [30], [46].

1) Acoustic Radiation Force Impulse (ARFI) Imaging:
In acoustic radiation force impulse (ARFI) imaging, a
single ultrasound transducer is used to both induce and
monitor a deformation response [47]. At a single lateral
location, a typical ARFI sequence consists of three pulse
types: 1) reference pulses(s) are used to establish a base-
line position of the tissue before the acoustic radiation
force excitation; 2) (pushing) pulse(s) are used to generate
the acoustic radiation force to induce localized deforma-
tion; and 3) tracking pulses applied immediately following
the pushing pulse(s) are used to monitor the deformation
response and recovery of the soft tissue. This ensemble of
reference, pushing, and tracking pulses can be translated
across the aperture, similar to B-mode imaging, to acquire
2-D (lateral versus axial) information. Using either cross-
correlation or phase-shift algorithms, the axial displace-
ments from a single reference pulse and all other tracking
pulses, can be calculated to obtain displacement-through-
time data sets that can be used to depict the relative stiff-
ness of soft tissues. Images can be created to reflect the
tissue displacement at a specific time following excitation,
the maximum tissue displacement, or the time it takes to
reach the maximum displacement [48]. In general, softer
regions will displace farther, take longer to reach a maxi-
mum displacement, and recover more slowly than stiffer
tissues [23], [31].

Related to both sonorheometry [42] and ARFI [47],
[48] is a method termed monitored steady-state excita-
tion and recovery (MSSER) [49]. In MSSER, both the
steady-state response and the transient recovery following
the cessation of force application are monitored to form
an estimate of the tissue elasticity and stiffness using a
model-based approach.

Clinically, ARFT imaging has been investigated for mul-
tiple applications. It has been used to assess changes in

stiffness over the cardiac cycle in both vascular [50]—[52]
and cardiac tissues [53], [54]. Capable of distinguishing
ablated regions of myocardium, ARFI imaging has been
used to guide thermal ablation procedures in the heart
[65]. With the goal of identifying patients more at risk of
stroke and other sudden ischemic events, ARFI imaging
has shown promise for its ability to distinguish soft, vul-
nerable plaques from otherwise stiffer, more stable regions
[56], [57]. In cancer imaging, ARFI imaging has been also
been used for tumor characterization in the breast [58],
gastrointestinal tract [59], prostate [60], [61], and abdo-
men [62]. As shown in Fig. 8, ARFI images often portray
improved contrast over matched B-mode images [61]-[63].

Siemens Medical Solutions (Mountain View, CA) has
implemented a version of ARFI imaging, termed Virtual
Touch tissue imaging, on their ACUSON S2000 ultrasound
scanner [64]. Clinical studies evaluating the utility of these
methods have been ongoing in Europe and Asia [65]-[71].

2) Shear Wave Elasticity Imaging (SWEI): In 1998,
Sarvazyan et al. used a high-intensity focused ultrasound
(HIFU) piston to induce shear waves that were monitored
using MRI, to quantify tissue stiffness in a method they
termed shear wave elasticity imaging (SWEI) [72]. As ap-
plied by Nightingale et al. [73], SWEI can be performed
using a single ultrasound transducer by applying an impul-
sive acoustic radiation force excitation to generate shear
waves, whose propagation can be monitored using conven-
tional pulse-echo ultrasound at locations outside the ROE.
SWEI methods obtain similar information that is acquired
in ARFI imaging, except that tracking beams are posi-
tioned outside the ROE. With displacement through time
information at multiple lateral locations separated by a
known distance from the excitation source, the speed of
the propagating shear waves can be estimated. Although
inversion of the wave equation (10) was originally em-
ployed for quantifying shear wave speeds [74], these meth-
ods are confounded by large jitter; where differentiation
of noisy ultrasonic displacement estimates can lead to an
amplification of the jitter and variable shear wave speed
estimates. Therefore, shear wave speed estimates are typi-
cally determined using time-of-flight (TOF) methods that
perform linear regression between the wave arrival time
and lateral position data [75]—[78].

Clinically, acoustic-radiation-force-based SWEI meth-
ods have been applied to noninvasively monitor liver fibro-
sis [79], [80]. Along with ARFI methods, TOF-based shear
wave speed quantification methods have been introduced
as part of the Virtual Touch tissue quantification tool by
Siemens Medical Solutions [64]. These tools have been uti-
lized for quantifying the stiffness of various abdominal and
thyroid tissues [71], [81]—[86].

3) Supersonic Shear Imaging (SSI): In supersonic shear
imaging (SSI), multiple acoustic radiation force excita-
tions are applied at increasing focal depths to create a
quasi-plane shear wave source. Developed by Bercoff et al.
[87], the method relies upon applying the excitations at a
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Fig. 7. Sonorheometry: Images portray a decrease in the force-free pa-
rameter (7) indicative of blood stiffening with increasing time after the
blood is withdrawn in three test subjects. The horizontal axis represents
the axial depth within the cuvet containing the blood samples. In Sub-
ject 3, who had a history of a blood-clotting disorder, the rate of stiffen-
ing is much greater than in Subject 1 and Subject 2. Image is adapted
from [42].

supersonic speed (i.e., the excitation is moved faster than
the shear wave speed) such that shear waves propagat-
ing away from the ROE sum constructively along a Mach
cone to create an axially extended cylindrical shear wave.
Utilizing extensively parallel beamforming and plane wave
transmits, SSI methods are capable of monitoring the de-
formation response simultaneously across a large field of
view (FOV) at ultrafast (i.e., kilohertz) frame rates. Using
TOF methods, shear wave speeds can be determined and
used to form a quantitative estimate of tissue stiffness.

SSI has been utilized to detect breast cancer lesions
[88], map hepatic viscoelasticity [89], assess stiffness in
the musculoskeletal system [90], and for monitoring ther-
mal ablation procedures [87]. Implemented on their Aix-
plorer ultrasound scanner, SuperSonic Imagine (Aix-en-
Provence, France) has commercialized SSI methods to
create quantitative elasticity images [91]. Using this tech-
nology in a large multinational study, it was found that
SSI methods improved the specificity of breast ultrasound
mass assessment [92]. The heterogeneity in breast mass
and surrounding tissue in the elastography image shown
in Fig. 9 is a suspicious sign for what was later identified
through biopsy as a grade III invasive ductal carcinoma
[92].

4) Shear Wave Spectroscopy (SWS): Toward evaluat-
ing dispersion in soft tissues, the method of shear wave
spectroscopy (SWS) monitors the propagation of shear
waves with frequencies ranging from 75 to 600 Hz [93]. As
an extension of SSI, the SWS method generates a quasi-
plane shear wave source to induce displacements that can
be monitored across the lateral field of view at ultrafast
frame rates. Unlike conventional SWEI and SSI methods
that attempt to estimate the shear wave group velocity,
the goal of SWS is to form estimates of the shear wave
velocity for individual frequency components. Because the
energy within an individual component is much smaller
than that of the entire signal, SWS methods are chal-
lenged by poor SNR. By assuming homogeneity within a
large region of interest (ROI), the SNR can be improved
at the expense of resolution. To assess dispersion, the
method applies Fourier transforms to the propagating
shear waves and evaluates the phase difference as a func-
tion of frequency.
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Fig. 8. Acoustic radiation force impulse (ARFI): Comparing (a) B-mode
and (b) ARFI in vivo images of a hepatocellular carcinoma (HCC) in
a human liver. The overlaid ARFI grayscale represents normalized dis-
placements, and indicates that the HCC displaced farther than the sur-
rounding cirrhotic liver tissue. Although HCCs are known to be stiffer
than normal liver (and would thus be expected to appear darker in an
ARFTI image), this patient was diagnosed with cirrhosis, which is associ-
ated with increased tissue stiffness. Image adapted from [62].

5) Spatially Modulated Ultrasound Radiation Force
(SMURF): Rather than monitoring the propagation of
shear waves at multiple lateral locations for a fixed excita-
tion location, in spatially modulated ultrasound radiation
force (SMURF) [94], the propagation of shear waves gen-
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Fig. 9. Supersonic shear imaging (SSI): Matched (a) elastographic and
(b) B-mode in vivo images of an oval breast mass. The heterogeneously
stiff breast mass and surrounding tissue are suspicious findings in the
elastography image for the biopsy-proven grade III invasive ductal carci-
noma. Image is adapted from [92].
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erated at separated excitation locations is monitored at
a single tracking location. By adjusting the spatial sepa-
ration between successive excitations, shear waves of a
specific wavelength can be designed. From time of arrival
estimates, the time difference between the shear waves
from each source can be estimated. With the known path
length between these sources, a shear wave speed estimate
can be obtained and related to the shear modulus using
a model-based approach. Because SMURF uses the time
between arriving shear waves, any bias inherent to the
time of arrival of an individual shear wave is removed, as-
suming that each shear wave would be subject to the same
distortion. For this reason, SMURF is less susceptible to
the varying biases that exist at multiple tracking locations
used in other methods [95].

C. Harmonic Methods

Rather than using a mechanical vibrator as in sonoelas-
ticity [8], harmonic ARF methods use multiple acoustic ra-
diation force excitations to drive soft tissue at frequencies
that typically range from 20 to 100 kHz. The frequency
of the generated force can be modulated to elicit a vibra-
tory response that is related to the mechanical properties
of the soft tissue. Several recent reviews of these methods
have been provided, to which the reader is referred for
more detailed information [96]-[98].

1) Vibro-Acoustography: In vibro-acoustography, a
method developed by Fatemi and Greenleaf [99], [100],
a low-frequency (kilohertz) radiation force excitation is
generated to locally vibrate tissue, producing a sinusoidal
acoustic compressional wave that depends upon the visco-
elastic properties of the medium. This oscillatory radiation
force can be generated using two continuous wave excita-
tion pulses that are transmitted simultaneously, focused
at the same location, but with slightly offset frequencies
to vibrate the tissue at the difference (beat) frequency
of the two pulses. As described by Urban et al. [101], a
similar response can be achieved using a single amplitude-
modulated (AM) continuous excitation pulse. The ampli-
tude and phase of the acoustic emission created by the
vibrating tissue can be detected with a hydrophone. By
mechanically translating the excitation beam(s) across the
elevation-lateral plane, C-scan type images can be created
that depict relative changes in the stiffness of the inter-
rogated regions.

With the goal of reducing the acquisition time, recent
efforts have focused on implementing the method using
a single ultrasound scanner on a commercially available
scanner [102]. With a spatial resolution <1 mm, vibro-
acoustography has been applied in vivo to detect microcal-
cifications in arteries [103] and for imaging ex vivo breast
[104] and prostate tissues [105].

2) Harmonic Motion Imaging (HMI): In harmonic mo-
tion imaging [106], a separate ultrasonic imaging trans-
ducer can be used to monitor the harmonic motion gener-

ated by either a single AM excitation or the overlapping
transmit beams utilized in vibro-acoustography. From RF
data collected with conventional pulse—echo ultrasound,
cross-correlation-based algorithms can be used to estimate
the induced tissue displacements within the interrogated
region of interest to qualitatively reflect changes in mate-
rial stiffness.

With a separate therapy and diagnostic transducer
combined into a confocal configuration, these methods
have been used to visualize thermal ablations created dur-
ing focused ultrasound (FUS) therapy [107].

3) Shear Wave Dispersion Ultrasound Vibrometry
(SDUV): Shear wave dispersion ultrasound vibrometry
(SDUV) [108] can be used to create monochromatic shear
waves of a designed frequency to assess dispersion in a
viscoelastic medium. The method combines vibro-acous-
tography, to create harmonic shear waves, with SWEI, to
monitor off-axis propagation using diagnostic pulse-echo
ultrasound. The phase-shift of the propagating shear wave
between tracking locations separated by a known distance
can be determined and used to estimate the shear wave
speed. Applying this over a range of excitation frequencies,
a quantitative estimate of tissue stiffness and viscosity can
be derived using a model-based approach. For evaluating
dispersion over a significant frequency bandwidth, which
can require a long duration to transmit multiple narrow-
band shear waves of different frequencies, SDUV methods
have also been applied using AM techniques to transmit
repeated tonebursts of ultrasound to generate broadband
shear waves [109]. More recently, a model-free approach
for quantifying viscoelastic properties has been introduced
that combines the creep response measured in the MSSER
imaging method with SDUV shear wave speed estimation
[110].

SDUV has been used in vitro to estimate shear wave
velocities in blood vessels [111], [112], kidney tissue [113],
and the prostate [114]. In wvivo, the method was used to
investigate dispersion in the liver [109].

4) Crawling Wave Spectroscopy (CWS): Rather than fo-
cusing multiple excitation sources in the same location as
in vibro-acoustography, the pushing beams can be spa-
tially offset to create two shear vibration sources. This
approach has been employed to provide the mechanical
excitation for a sonoelastography-derived technique [§]
termed crawling wave spectroscopy (CWS) [115]. Here,
the slow-moving crawling wave that is generated between
the two sources of slightly offset frequencies can be moni-
tored in real time using conventional color Doppler tech-
niques. The speed of the crawling waves is related to the
mechanical properties of the tissue and can be used to
form a quantitative estimate of stiffness. More recently,
CWS efforts have been integrated on a commercial ultra-
sound imaging system [116], [117].

In excised prostate glands, CWS has been used to dif-
ferentiate cancerous and normal tissue [118].
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IV. DISCUSSION

The phenomenon of acoustic radiation force provides a
novel means for determining the elasticity of tissues deep
within the body. Unlike methods using cutaneous me-
chanical excitations—such as transient elastography (TE),
introduced by Fibroscan (Echosens, Paris, France)—for
which the presence of ascites or fluid boundaries proxi-
mal to the targeted organ make it difficult or impossible
to induce shear waves, ARF methods benefit from being
able to generate an excitation that can be localized within
the specific ROI [119]. However, the depth at which ARF
methods can be applied is limited, because of the attenu-
ation effects discussed earlier. Early implementations of
shear wave imaging systems in the liver have motivated
the use of low-frequency ARF excitations and the develop-
ment of the Fibroscan XL mechanical punch for TE meth-
ods in obese patients [62], [79], [81], [120], [121].

Each of the ultrasound-based ARF elasticity imaging
methods discussed herein provides a unique mechanism
of image contrast that may be useful for delineating and
characterizing disease. Clinically relevant differences in
parameters such as contrast, spatial resolution, temporal
resolution (i.e., frame rate) make some methods more use-
ful for a particular task. Generally, qualitative imaging
methods such as ARFI and vibro-acoustography have im-
proved spatial resolution compared with shear-wave-based,
quantitative imaging methods including SWEI, SSI, SWS,
SMURF, SDUV, and CWS, which typically require large
regression kernels to achieve a more precise estimate of the
tissue modulus [46]. For this reason, qualitative imaging
methods may be more suited for identifying lesion bound-
aries and for visualizing structural information. On the
other hand, quantitative methods may be more useful in
cases where the abnormality is not confined to a particular
region, where the lack of a background tissue cannot pro-
vide sufficient contrast [109]. Also important are differenc-
es in making point measurements compared with creating
multi-dimensional images of tissue elasticity, for which the
acquisition time may be important; especially when large
motions can corrupt displacement estimates and lead to
poor image quality or inaccurate modulus estimates. For
example, methods such as HMI and vibro-acoustography
are confined to smaller regions because of long acquisition
times and may be best suited for identifying suspected
sites where biopsy may be performed for closer examina-
tion. As demonstrated recently, factors including imag-
ing location and probe position can affect point measure-
ments and also must be considered [122]. On commercially
available systems, both SuperSonic Imagine and Siemens
provide quantitative-based imaging modes that allow the
user to choose different sizes of regions for which either an
image or a specific point measurement of estimated shear
wave speeds (or shear moduli) is provided [64], [91].

Although ARF methods have been investigated in re-
search settings since the mid-1990s, they are only recently
emerging into the clinic on commercial systems. For in-

stance, a surge in publications has occurred in the clinical
literature surrounding the use of shear-wave-based imag-
ing modalities to noninvasively characterize liver fibrosis,
a disease that currently relies on invasive needle biopsy
to provide a limited sampling of liver tissue for histologic
evaluation. This clinical literature has established the fea-
sibility of using ARF elasticity imaging in this setting,
and in Europe, recommendations are being made to con-
currently acquire shear-wave-based imaging data of the
liver along with biopsy, if not even replacing the biopsy
completely with the elasticity imaging stiffness estimates
[80], [83], [120], [123]-[143].

The generation of elasticity metrics, such as shear wave
speed, by an imaging system for clinical diagnoses intro-
duces the need for some standardization of those metrics
between different commercial systems and different user
implementations in the clinical setting. To that end, the
Radiological Society of North America (RSNA) Quantita-
tive Imaging Biomarkers Alliance (QIBA) established in
2012 an Ultrasound Shear Wave Speed Technical Commit-
tee to explore the standardization of quantitative elastic-
ity metrics for clinical applications [144]. The goal of this
committee is to identify and address the system-dependent
variability in shear wave based quantification systems, and
to eliminate those variabilities to ease the clinical inter-
pretation of these novel diagnostic data. Sources of vari-
ability may include, but are not limited to, assumptions
in the shear wave reconstruction algorithms, viscous and
nonlinear tissue behaviors, and other dependencies (i.e.,
heterogeneity) that may exist over the imaging region of
interest. Additionally, when new clinical applications for
elasticity imaging are explored, elasticity metrics need to
be established for these specific healthy and diseased tis-
sues [30]. This will likely require large scale studies and
efforts to standardize imaging protocols.

In relative elasticity imaging (e.g., ARFI imaging), cli-
nicians must be made aware that the relative stiffness of
a structure may change depending on the health of the
background tissue, as can be the case in studying focal
liver lesions in the context of healthy versus fibrotic liver
tissue [62], [65], [66], [143]. Elasticity imaging artifacts can
also exist in quantitative methods, where assumption of
tissue isotropy in areas of reconstruction may be violated.
Sources of such artifact in shear wave imaging include
reflections from structural boundaries and out-of-imaging-
plane diffraction effects [78], [145].

In addition to establishing consistency between differ-
ent imaging systems and training clinicians to interpret
relative elasticity images, there are other factors that ARF
imaging systems must consider when used in the clini-
cal setting. For instance, to generate adequate acoustic
radiation force to achieve a measurable displacement in
soft tissues, ARF elasticity imaging methods may benefit
from the use of higher intensity and/or longer duration
excitation pulses that are currently constrained by FDA
acoustic and thermal exposure guidelines [146], [147]. This
is especially true at depth and when large lateral regions
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of interest are desired to observe shear wave propagation.
Despite potential benefits of an increased mechanical in-
dex (MI), most ARF elasticity imaging methods maintain
an MI <1.9 to satisfy regulatory limits and reduce the
likelihood of cavitation. However, these regulatory guide-
lines are based on the output and efficacy of ultrasound
systems produced before 1976 and are not based on specif-
ic scientific knowledge regarding bioeffects resulting from
ultrasound [148]. The American Institute of Ultrasound
in Medicine (AIUM) recently established a subcommittee
to review the bioeffects literature and make recommen-
dations regarding the use of transiently increased output
(TIO) in non-fetal and non-contrast agent ultrasonic im-
aging.

Besides generating an acoustic radiation force, absorp-
tion of acoustic energy also leads to the generation of heat
within soft tissue. For a single impulsive acoustic radiation
force excitation, the maximum temperature increase is a
maximum at the focal point and can range from 0.02°C to
0.2°C. When repeated acquisitions are used, the maximum
temperature induced can shift to the location of maximum
beam overlap [149]. For increased scan durations and a
high PRF, transducer surface heating can be significant.
In satisfying regulatory limits, ARF methods must bal-
ance image quality, frame rates, and scan durations to
ensure that the maximum temperature stays <43°C [150].

Improvements in transducer technology and the devel-
opment of probes specifically designed for ARF methods
will likely allow for greater depth penetration with less
transducer face heating. With enhanced parallel beam-
forming capabilities, both on-axis and off-axis information
can be monitored simultaneously across a wider FOV. Ad-
ditionally, transducers can be specifically designed that
operate at different frequencies to deliver the ideal ARF
excitation beams (typically lower frequency), with higher
frequency tracking beams to reduce displacement estimate
jitter and displacement underestimation bias resulting
from scatterer shearing [31], [38], [151].

V. CONCLUSIONS

Elasticity imaging methods have been the subject of in-
tense research activity in the field of ultrasound imaging.
With the ability to characterize the mechanical properties
of tissues, these methods provide entirely new information
that can be used for the diagnosis of disease or monitor-
ing disease progression. Compared with other ultrasound-
based elasticity imaging methods, ARF techniques that
generate an acoustic radiation force deep within the tis-
sue allow for excitations to be targeted within the region
of interest to generate localized displacements. Adapted
for clinical use, many ARF methods have recently been
implemented on commercially available systems. With in-
creased evaluation of their utility, we can expect ARF
elasticity imaging methods will likely become a standard
part of diagnostic ultrasound imaging.
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