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There are a variety of approaches used to create elastography images. Techniques based
on shear wave propagation have received significant attention. However, there remain
some limitations and problems due to shear wave reflections, limited penetration in highly
viscous media, requirements for prior knowledge of wave propagation direction, and
complicated propagation in layers where surface acoustic waves and guided waves are
dominant. To overcome these issues, reverberant shear wave elastography (RSWE) was
proposed as an alternative method which applies the concept of a narrow-band diffuse
field of shear waves within the tissue. Since 2017, the RSWE approach has been
implemented in ultrasound (US) and optical coherence tomography (OCT). Specifically,
this approach has been implemented in these imaging modalities because they are similar
in image formation principles and both share several approaches to estimate the
biomechanical properties in tissues. Moreover, they cover different spatial-scale and
penetration depth characteristics. RSWE has shown promising results in the elastic
and viscoelastic characterization of multiple tissues including liver, cornea, and breast.
This review summarizes the 4-year progress of the RSWE method in US and OCT.
Theoretical derivations, numerical simulations, and applications in ex vivo and in vivo
tissues are shown. Finally, we emphasize the current challenges of RSWE in terms of
excitation methods and estimation of biomechanical parameters for tissue-specific cases
and discuss future pathways for the in vivo and in situ clinical implementations.

Keywords: reverberant fields, elastography, shear waves, OCE, ultrasound, tissue viscoelasticity, tissue stiffness

INTRODUCTION

The biomechanical tissue properties are strongly tied to pathological and physiological states
involving alterations of elasticity, viscosity, and structure [1-5]. It has been shown that changes
in tissue stiffness, occur in various diseases such as cancers [6], calcification associated with
arteriosclerosis [6], fibrosis associated with liver cirrhosis [7], and various ocular diseases such
as keratoconus and glaucoma [5]. Therefore, the evaluation and assessment of the tissue stiffness
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could allow an early detection and treatment of numerous
diseases and a better evaluation of the physiological conditions
at different levels: cells, tissues, and organs.

Over the years, elastography as a medical imaging approach
has been implemented in different imaging modalities including
ultrasound (US) [8], magnetic resonance (MR) [9], and optical
coherence (OC) tomography imaging [10], and new names were
adopted: USE, MRE, OCE, respectively. USE and OCE are similar
in their image formation principles and both share several
approaches to estimate the biomechanical properties in tissues.
However, they cover different spatial-scale and penetration depth
characteristics. Each technique can be classified by spatial
resolution, field-of-view limits, and displacement sensitivity. As
an example, commercial USE can generate elasticity maps with
resolution in the millimeter range at a depth penetration of
approximately 1-7 cm, enabling the imaging of organ-size
tissues. On the other hand, OCE offers spatial mechanical
resolution in the micrometer range at a depth penetration of
1-10 mm, enabling the observation of diminutive tissues with
higher resolution.

There are multiple approaches to the formation of
elastography images. Those based on shear wave propagation,
using continuous or transient waves, have been reported in
multiple studies, but an inherent issue is the presence of
reflected waves from organ boundaries and internal
inhomogeneities [6, 11, 12]. The presence of reflected waves,
propagating at the region of interest, may cause modal patterns
applying continuous waves or backward traveling waves in
transient wave experiments [13]. To overcome this problem,
reverberant shear wave elastography (RSWE) was proposed as
an alternative method which applies the concept of a narrow-
band random isotropic field of shear waves within the tissue [14].
These multi-directional wave fields are naturally established
(even unavoidable) in practical situations and can be
reinforced by utilizing several shear sources near the tissues of
interest. The reverberant shear wave field is produced by the
interaction of multiple shear waves propagating in all possible
random directions. This field promotes the propagation of shear
waves in deeper areas (i.e., liver tissue in obese patients [15]), and
at superficial areas (i.e., corneal tissue for layer characterization
[16]) where surface acoustic waves could otherwise dominate.
Moreover, this approach leads to a simple solution and
implementation for the estimation of local tissue shear
wavelength or shear wave speed (SWS). Since 2017, the
reverberant shear wave approach has been implemented in
USE and OCE with promising results in the elastic and
viscoelastic characterization of a high variety of tissues
including liver, cornea, and breast [13, 15-17]. For example,
RSWE can evaluate the dispersion of shear wave speed,
measuring the slope (change in SWS with change in
frequency) or as a power law coefficient consistent with a
more advanced framework of tissue rheology, by exciting the
target organ with multiple vibration frequencies within a
bandwidth [15, 17]. Thus, this approach is able to analyze the
viscoelastic and lossy nature of the tissue under study.

In this work, we present the theory and application of the
reverberant shear wave field method in USE and OCE. The
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following sections cover the fundamental theoretical
derivations, numerical simulations, penetration and layer
characterization capabilities, and ex wvivo and in wvivo
applications. We present and discuss reverberant elastography
results in calibrated phantoms and in vivo deep liver tissues using
USE, and thin layered phantom characterization with ex vivo
porcine cornea elastography using OCE. Finally, we emphasize
the current challenges of reverberant elastography and discuss
future pathways using multi-scale approaches and possible
clinical implementations.

THEORY

The reverberant shear wave field can be described as the
superposition of plane shear waves propagating in random
directions [18]. The theoretical description for plane shear
traveling in different directions and, therefore,
generating a reverberant field was first introduced by Parker
et al. [14] for ultrasound shear wave elastography (SWE). Later, a
more extensive description was presented by Zvietcovich et al.
[16] for a 3-D reverberant field using OCE. In this Section, the
analytical description is presented and summarized as follows
(refer to Ref. 16 for further details): shear waves are transversal
body-type waves, therefore, the particle velocity produced by
these perturbations is perpendicular to the direction of
propagation. For a given 3D point & in the Cartesian system,
three orthogonal vectors in the spherical coordinate system are
found: 7, 8, and . Then, the corresponding particle velocity
vector field V (&, t), at position € and time ¢, in a reverberant
chamber produced by plane waves propagating with a wave
number k and radial frequency w, is modeled as:

waves

Viet) = Y igvge (o) (1)
ql

where the index g represents a realization of the random unit
vector #,; describing the direction of wave propagation, and the
index I represents a realization of the random unit vector fig
describing the direction of particle velocity parallel to the disk
formed by the basis vectors 8 and § defined within a realization of
g. Then, 7, - iy = 0. Finally, v, is an independent, identically
distributed random variable describing the magnitude of particle
velocity within a realization of q. The summation over g is
understood to be taken over the 4m solid angle, and the
summation over [ is taken over a 27 angle within the disk.

If the particle velocity in Eq. 1 is measured along the z-axis,
then V, (g t) = V(& t)-€,, where €, is a unit vector in the z
direction. Given the reverberant field V(g ty), closed-form
complex analytical solutions can be found for the spatial
autocorrelation of such fields along parallel and orthogonal
directions to the measurement axis €,. In the orthogonal case,
the autocorrelation of the reverberant field along the x-axis (or
y-axis) is given by [14, 16]:

i (kAe,)

kAe, &)

BVZ V. (Asx) = g j() (kAsx) -
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where S is the expected value of squared particle velocity
magnitude V;z over both g and [ realizations; j, and j, are
spherical Bessel functions of the first kind of zero and first
order, respectively, and Ag, = Ae-e,, with €, as a unit vector
along the x-axis. It is important to note that By, y_(Ag,) and
By, v, (Ag,) have the same solution since both correlation axes
Ag, and Ag, are perpendicular to measurement axis €. Therefore,
By, v, (Ag) is symmetric around the origin for any Ae such that
Ae-e, = 0.

Finally, for the parallel case, the spatial autocorrelation of the
reverberant field is taken along the z-axis and is given by [14, 16]:

j. (kAe,
By, v, (Ag;) = E [hgﬁij)]

3 3)

The local wave number k* is estimated by taking the 2D
autocorrelation in a region of a reverberant field and fitting
autocorrelation profiles to Egs. 2 and 3 according to the plane
case. Therefore, given the excitation frequency w,, shear wave
speed is calculated using ¢, = wo/k*; and, assuming a
homogeneous and isotropic material, shear modulus can be
calculated as [3]:

Gchp (4)

where G is the shear modulus, and p is the density of the material.
Furthermore, if a transverse isotropic model of the material is
assumed, G corresponds to out-of-plane shear modulus. The
mathematical framework of this method is designed for a
single operational frequency (wp); however, in a reverberant
field with multiple operational frequencies, the estimators in
Eqgs. 2 and 3 are still valid as long as a single operational
frequency is isolated using a band-pass filter. This is possible
since the interference of waves in this approach is represented as a
summation in Eq. 1 and frequencies can be isolated in the Fourier
domain as performed in the phase-speed analysis of single broad-
band pulse wave propagation in transient elastography [19].

APPLIED METHODOLOGY IN RSWE

Scanners and Data Acquisition

The application of US-RSWE was performed using a Verasonics
system  (Vantage-128TM,  Verasonics, Kirkland, WA,
United States) connected to a convex ultrasound probe (model
C4-2, ATL, Bothell, WA, United States) or a linear ultrasound
probe (model L7-4, ATL, Bothell, WA, United States). This
system was used to track the induced displacements using a
Loupas estimator [20]. The linear probe was used for the breast
phantom and breast tissue applications, whereas the convex
probe was used for the viscoelastic phantom and liver tissue to
scan at deeper areas [13, 15]. In Ref. 15, the center frequencies
were 3 and 5 MHz for the convex and linear probes, respectively.
The sampling frequency were 12 and 20 MHz for the convex and
linear probes, respectively. The tracking pulse repetition
frequency (PRF) was set to 3,600 Hz with a total acquisition
time of 0.5 s. On the other hand, OCT-RSWE used a custom built
spectral-domain phase-sensitive optical coherence tomography
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(PhS-OCT) system for the motion detection of waves generated
in the sample by a synchronized mechanical excitation system
[16]. The capturing of spectral interference signals was
synchronized with the scanning of the light beam on the
sample to produce 2D, 3D, or 4D OCT datasets. The Doppler
phase shift detection scheme was implemented to monitor the
propagation pattern of vibrational waves [21].

Vibration Sources and Frequency Ranges
Figure 1 illustrates the different setups used to create the
reverberant shear wave field. In Refs. 13 and 14, mechanical
vibration sources (such as model 4810, Bruel and Kjaer, Naerum,
Denmark), and miniature vibration sources (model NCM02-05-
005-4 JB, H2W, Linear Actuator, Santa Clara, CA, United States)
were used for initial experiments and proof of concept. Later, a
custom-made portable trifold futon (70 x 60 x 10 cm?) including
several embedded vibration sources (Quad Resonator Model
EI718 TM, Elastance Imaging LLC, Columbus, OH,
United States) was mounted to a clinical bed [15]. The active
vibration sources generate strong displacements and shear waves
into the body. The precise details of the active source
configuration are proprietary to Elastance Imaging LLC. In
Ref. 16, one of the ends of a piezoelectric bender (BA4510,
PiezoDrive, Callaghan, NSW, Australia) was attached to a 3D
printed ring containing eight vertical equidistant and circularly-
distributed rods. The rods were slightly attached to the sample
surface to produce the reverberant field after the piezoelectric
bender was excited. The ring shape did not interfere with the
OCT system to image the cornea, while the rods generate
mechanical excitations.

Different vibration frequency ranges were using for the
different applications. In US-RSWE, frequencies between 40
and 700 Hz were used for phantoms and in vivo tissue. In
Ormachea et al. [15], a simultaneous multi-frequency range
was applied in all vibration sources for each experiment to
allow a rapid acquisition of shear waves propagating at
different frequencies. In OCT-RSWE, Zvietcovich et al. [16]
applied a higher vibration frequency, 2,000 Hz, for the
phantoms and ex vivo cornea tissue. The selected excitation
frequency was a balance to obtain smaller wavelengths with
sufficient energy to avoid stronger wave attenuation below the
sensitivity floor for motion detection using the PhS-OCT system.

Numerical Simulations

Numerical simulations were conducted to corroborate the theory
of RSWE. In Ref. 14, a shell-element analysis and 3D solid finite
element analysis in a breast shape tissue model were performed.
Ormachea et al. [17] used a Monte Carlo analysis in models,
exhibiting phase velocities behavior with different power law
coefficients, to validate a 2D shear wave dispersion study on
breast and liver tissues using multi-frequency US-RSWE. For
OCT-RSWE, Zvietcovich et al. [16] performed a Monte Carlo
analysis to validate Eqs. 2 and 3 in a uniform elastic medium (¢, =
4’m/s) subjected to an ideal reverberant field. Here, we considered
Vg as a scalar and uniformly distributed random variable covering
a range of [—Vmax> Vimax), Where vp,, represents the maximum
particle velocity in the analysis. Similarly, unit vectors 7y and 7,
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FIGURE 1| (A) Initial schematic setup using four external vibration sources to generate a reverberant field inside the CIRS breast phantom. (B) Custom-made trifold
vibration futon bed. The active array of sources is located in the black zone. The red lined outer sections consist of cushions for the head and lower body. ©Institute of
Physics and Engineering in Medicine. Reproduced from Ref. 15 by permission of IOP Publishing. All rights reserved. (C) 3D printed ring. The output OCT beam goes

through the objective lens toward the sample (porcine cornea). The cornea is excited by a piezoelectric actuator attached to an eight-head ring.

are uniformly distributed in the 3D (47 solid angle) and 2D (27
angle) space. In all of these simulations, a superposition of
multiple random shear waves has been applying. The
application of multiple shear waves is the analog procedure to
apply multiple vibration sources located at different positions.
Figure 2 shows a simulated 3D volume of particle velocity along
the z-axis produced by a 2kHz reverberant field. Complex
autocorrelation was analyzed at different planes: the xy-plane
and the xz-plane. The autocorrelation curves, taken along
perpendicular and parallel directions with respect to the
motion axis (z-axis) were fitted to Eqs. 2 and 3, respectively,
showing good agreement between theory and simulation.
Figure 3 shows a simulated 2D phase map in the xz-plane of
40 x 40 mm” region in a uniform elastic material with a stiffer
inclusion after conducting a Monte Carlo analysis of reverberant
shear waves with frequency equal to 600 Hz. In order to explore
an extreme case scenario, only 10 plane waves were used to create
a reverberant shear wave field. In addition, white Gaussian noise

[signal-to-noise ratio (SNR) = 5dB] was added to the particle
velocity signal to simulate real data acquisition in in vivo cases.
The SWS results for the background and inclusion agreed with
the values used for the simulation. More recently, numerical
simulations were performed in Ref. 22 to show that at least 60
incident plane waves were necessary to generate a reverberant
shear wave field. It was found that as more incident waves
propagate in the field, the coefficient of determination with
respect to the theoretical models improved and the shear wave
speed estimation error decreased.

Phantom Studies

Two calibrated phantoms were used to evaluate the US-RSWE
method. The first was a CIRS breast phantom (Model 059,
Computerized Imaging Reference Systems, Norfolk, VA,
United States) with background (20kPa nominal Young’s
modulus) and inclusion regions (at least two times stiffer than
the background region per the manufacturer’s datasheet). The
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FIGURE 2 | (A) Particle velocity field along the z-axis after conducting a Monte Carlo analysis of reverberant shear waves at an arbitrary time t,. The cube
dimensions are 20 x 20 x 20 mm?. The simulated media is a uniform elastic material. The applied vibration was at frequency of f, = 2 kHz, and a constant shear wave
speed cs =4 m/s. For this simulation, a total of 10,000 realizations of all random variables were performed. (B) Fitting of analytical Eqs. 2 and 3 to autocorrelation profiles
along the x-axis (red line) and the z-axis (blue line), respectively. (C) Fitting of analytical Eq. 2 to autocorrelation profiles along the x-axis (red line) and y-axis (blue line).

In all cases, wavenumber k* can be estimated and converted into shear wave speed using ¢s = wo/k*, where wp = 27 x 2000 rad/s.
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FIGURE 3 | (A) Simulated phase map in a 40 x 40 mm? region of a uniform elastic background with a stiffer inclusion after conducting a Monte Carlo analysis of
reverberant shear waves with frequency of fo = 600 Hz and the addition of significant white noise. The shear wave speeds for the background and the inclusion were 2.5
and 3.5 m/s, respectively. (B) The cross-correlation profiles, in the axial direction, are shown for the dashed circle (top) and rectangle (bottom) red regions shown in (A).
The profiles for the unfiltered data show a peak at the center, a clear feature of the presence of noise. (C) Final SWS image obtained after the filtering process.

other phantom was a custom made CIRS (Serial No. 2095.1- 1,
Computerized Imaging Reference Systems) homogeneous
viscoelastic phantom (6 kPa nominal Young’s modulus). Both
phantoms show different viscoelastic properties as shown by the
shear wave dispersion analysis evaluated in Ref. 15.

The CIRS breast and viscoelastic phantoms were used to
illustrate the ability of US-RSWE to differentiate the stiffer
regions from the background material, see Figure 4. The
viscoelastic properties of each CIRS phantom were evaluated
by measuring the shear wave dispersion as a function of

frequency, see Figure 5. The initial experiments in Parker
et al. [7] showed elastographic images using individual
frequencies of 400 and 450 Hz; then, Ormachea et al. [10]
used a broader set of individual frequencies from 60 to 450 Hz
for the almost purely elastic breast phantom and 60-120 Hz for
the viscoelastic phantom, respectively. The obtained mean SWS
results were compared with another elastographic technique
(single tracking location-acoustic radiation force) with good
agreement at 220 Hz. The results in Ref. 10 also reported the
feasibility of applying a multi-frequency vibration range. The
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FIGURE 4 | (A) B-mode image of the CIRS breast phantom showing a circular inclusion that represents a stiffer lesion. (B) Extracted phase map pattern at 600 Hz;
the random pattern indicates the different propagation directions of the shear waves generated with the vibration sources. (C) SWS map using the RSWE estimator at
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FIGURE 5 | Phase velocity dispersion curves. Estimated SWS vs. frequency plots for the CIRS breast (A) and viscoelastic phantoms (B). The center depth and
lateral positions of a selected region of interest, to extract the SWS values, are indicated above each plot. As expected, a higher dispersion was obtained for the
viscoelastic media. ©lnstitute of Physics and Engineering in Medicine. Reproduced from Ref. 15 by permission of IOP Publishing. All rights reserved.

Frequency [Hz]

application of multi-frequency tones allows a rapid collection of
shear wave response to estimate and create 2D SWS and
dispersion images at discrete frequencies. The results were
similar to the ones obtained using individual frequencies and
enabled a follow-up study to create not only 2D SWS images, but
also 2D shear wave dispersion (SWD) images, since the method is
able to obtain the SWS information at different frequencies and at
different locations using the same collected data. The results were
reported in Ref. 9, showing a clear difference between the
phantoms with respect to their SWD values, and consequently,
a better viscoelastic characterization for both materials. In Ref. 22,
experiments using gelatin-based phantoms were performed to
analyze the conditions to create a reverberant shear wave field.
Similarly to the numerical simulations, reported in Ref. 22, the
coefficient of determination with respect to the theoretical models
improved and the shear wave speed estimation error decreased as
more incident waves propagates into the field. Moreover, it was
found that at least three vibration sources located at the top of the

phantom surface were necessary to measure an average SWS with
an error less than 9%.

For OCT-RSWE, gelatin-based phantoms were created to
evaluate the capability of the RSWE approach to detect
elasticity gradients along depth. In Ref. 16, a reverberant field
of 2kHz was created in a horizontally-layered phantom by
exciting the ring actuator with eight rods, as described in
Vibration Sources and Frequency Ranges section. The phantom
had a softer layer (thickness ~0.3 mm, 3% gelatin concentration)
located on the top of a second stiffer layer (5% gelatin
concentration). Figure 6A shows motion frames extracted at
the top 3% layer (depth zp = 0.21 mm) and bottom 5% layer
(depth zp = 0.69 mm), with their respective 2D autocorrelation
calculated within a 0.8 x 0.8 mm?” window. Then, using Eq. 2, the
average speed transition along depth is calculated in Figure 6B.
The speed transition is fitted to a sigmoid function and an axial
elastography resolution of §, = 55.5um + 17.3 ym was found.
Finally, experimental results were compared to material ground
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FIGURE 6 | (A) Horizontally distributed layered phantom (1 x 1 x 1 mm®) showing a stiffer bottom layer (gelatin concentration of 5%) and softer top layer (gelatin
concentration of 3%) obtained using OCT. Motion frames (particle velocity) and 2D autocorrelation plots are calculated within each layer with notable wavelength and
main-lobe spreading differentiation, respectively. (B) Average speed transition along depth from the 3-5% concentration layers of the phantom. Mean + standard
deviation (N = 5 measurements). For elastography resolution characterization, a sigmoid function was fitted to the speed profile). The average full-width half-
maximum layer transition was found to be 55.5 um + 17.3 um. The depth-dependent speed profile was compared against mechanical testing results (N = 3 samples per
gelatin concentration) showing consistency of results in each layer. Reprinted by permission from Springer Nature from Ref. 16.
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truth mechanical measurements, showing accuracy errors of 1.74
and 6.89% for the 3 and 5% gelatin concentration layers,
respectively.

APPLICATION IN EX VIVO AND IN VIVO
TISSUES

In Ref. 15, the authors demonstrated that reverberant shear wave
fields can be produced in deep tissues from external sources,
applying vibration frequencies up to 400 Hz in obese patients’
livers and over 700 Hz in breast tissue. Moreover, SWD images
were obtained by analyzing the linear slope or the power law
coefficient. These additional parameters may provide a better
image contrast and information about the scanned media. An
altered dispersion parameter, compared with normal tissue,
would show a different viscoelastic response for lesions or
pathologies cases. Figure 7 shows a SWS image at 702 Hz for
the dense breast tissue experiment. The elastographic image
clearly shows the dense breast region as stiffer tissue than the
surrounding area.

Figure 8 shows liver SWS images at two different vibration
frequencies, 100 and 400 Hz, for an obese patient. The liver is
located between 4 and 10 cm depth in this case. Thus, US-
RSWE was able to measure liver viscoelasticity, in terms of SWS
and SWD, in obese patients at deep regions. For this case, a
simple observation shows the stiffness difference of the kidney
region and the liver tissue as higher frequencies are used.
Although this suggests that US-RSWE may be able to
measure the kidney tissue biomechanical properties, further
research is needed with more focus in this organ. Table 1 shows
a summary of SWS values obtained from a region of interest
from 2D images of CIRS phantoms and in vivo liver obtained
with US-RSWE [15].

US-OCT Reverberant Shear Wave Elastography

In Ref. 16, OCT-RSWE was demonstrated to characterize the
elasticity of single layers in ex vivo porcine cornea with
unprecedented contrast in the dynamic wave-based OCE field.
An ex vivo porcine cornea was subjected to a 2 kHz reverberant
shear wave field. After the acquisition, a 3D structural volume
(Figure 9A-left) and the reverberant complex 3D motion field
(Figure 9A-right) were obtained. The curvature of the cornea was
taken into account for the compensation of particle velocity along
depth. The average depth-dependent shear wave speed plot of the
cornea was obtained using Eq. 2 for the estimation of local
wavenumber (k*) and ¢, = wo/k* using wy = 27 x 2000 rad/s
and shown in Figure 9B. Here, the speed profile correlates
with the structural information from the B-mode intensity
image, and the anatomical description of the corneal layers.
Finally, Figure 9C shows shear wave speed volumes of cornea
subjected to four intraocular pressure (IOP) levels: 10.24, 15.80,
20.50, and 25.25 mmHg. The tendency of SWS to increase in the
reverberant patterns when the IOP level increased confirmed the
non-linear elastic nature of corneal tissue.

Shear Wave Dispersion Measurements

Shear wave dispersion was measured in terms of the linear slope
and the power law coefficient, in CIRS phantoms, in vivo breast,
and in vivo liver tissues over an applied vibration frequency range.
First, SWD was obtained over a region of interest of the obtained
SWS images in Ref. 13. Later in Ref. 15, it was also possible to
create SWD images to add information and contrast of the tissue
viscoelastic properties. However, the practical upper limits to
shear wave frequencies is still unknown for each specific soft
tissue. The obtained results are still preliminary, further clinical
studies are needed to obtain consensus about what is the expected
SWD in normal and healthy populations, for example. Although
the initial results only reflect few cases, it is encouraging that
SWD shows better differentiation than SWS values for the obese
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liver cases with respect to the thin liver patient case, and all of
these values are in a similar range with respect to other
independent studies that also measured this parameter. For
example, the linear dispersion results reported in Ref. 15
agreed with the ones reported in Ref. 23, 0.1 and 0.6 m/s/
100 Hz using a frequency range of 0-400 Hz, or the ones
reported in Refs. 19 and 24, 0.36 m/s/100 Hz in in vivo healthy
human volunteers using frequencies ranges of 40-450 Hz and
60-390 Hz, respectively. Table 1 shows a summary of SWD
obtained from a region of interest from 2D images of CIRS
phantoms and in vivo liver obtained with US-RSWE [15].

DISCUSSION

The RSWE approach, based on continuous sinusoidal excitation at
specific frequencies, promotes the propagation of a higher quantity

of shear waves in tissues vs. other wave propagation methods. This
is of particular interest in OCE since surface acoustic waves are
typically dominant near boundary conditions during transient
excitation (generated by an acoustic radiation force in SWE
methods or external short vibration tone bursts), complicating
the conversion of wave speed into shear or Young’s moduli.
Moreover, this new method establishes a profusion of shear
waves propagating in different directions, incorporating shear
wave reflections from boundaries and inhomogeneities. This
limiting 3D shear wave distribution leads to a mathematical
model with a simple local estimator of shear wave speed and
stiffness covering a full field of view.

The application of numerical simulation has demonstrated to be
an important tool to validate the mathematical framework of the
RSWE approach, the different studies have reported simulations
including the superposition of multiple random shear waves. These
simulations demonstrate the capabilities of RSWE for inclusion

TABLE 1 | SWS and SWD estimations in phantoms and in vivo liver obtained with US-RSWE [15].

Scanned material or tissue SWS [m/s]
Breast phantom (background) 2.15 + 0.11
Viscoelastic phantom 1.88 + 0.38
Patient #1, thin liver patient 1.99 + 0.19
Patient #2, obese liver patient 2.29 +0.37
Patient #3, obese liver patient 2.38 + 0.20

SWD [m/s/100 Hz] Frequency range [Hz]

0.10 £ 0.02 200-500
0.42 + 0.02 80-320
0.28 + 0.14 80-320
0.49 + 0.17 80-320
0.54 + 0.19 80-320
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FIGURE 9 | Elastography of ex vivo porcine corneas using OCT-RSWE. (A) Structural OCT (left) and motion (particle velocity, right) volumes obtained in the cornea
subjected to reverberant field of 2 kHz. (B) Average depth-dependent shear wave speed profile of cornea compared with intensity changes of the B-mode structural
information and the anatomical description of corneal layer. 3D shear wave speed volumes (in m/s) of cornea subjected to four different IOP levels: 10.24, 15.80, 20.50,

and layer detections for two different clinical applications, breast
and cornea tissue, respectively. However, the models to represent
the media where shear waves propagate are still simple: isotropic,
homogeneous, lossless. Further analysis including more realistic
geometrics and inhomogeneities, attenuation of shear waves, and
dispersion behavior are needed to evaluate the reverberant shear
wave approach and its limitations.

As observed, one advantage of using RSWE is that it produces
stronger shear waves at deeper tissue regions of interest, and it can
provide additional parameters such the evolution of SWS as a
function of frequency (dispersion). Our preliminary in vivo liver
and breast results indicate that SWD values could add
information for better tissue characterization. A disadvantage
of RSWE is that the spatial resolution of the final elastograms is
limited by the tissue stiffness and the applied frequency. The
approach also requires additional hardware in the form of
external vibration sources in order to produce shear waves.

The RSWE approach presents some differences with respect to
other methods that use external vibration sources. In Refs. [25-31],
only one loudspeaker is attached to the clinical bed, RSWE uses
multiple vibration sources. Zhao et al. [25, 26] used directional
filters and applied a SWS estimator based on time delays between
the temporal signals. RSWE does not use directional filters and uses
all the generated shear waves in the field. Although Tzschatzsch
etal. [29] also applied multi-frequency ranges and measured SWD
similar to US-RSWE, the frequency ranges are different. In Ref. 29,
a set of frequencies ranging from 30 to 60 Hz was used for the liver
application, whereas US-RSWE applied 40 to 400 Hz. Another

modality with external sources is passive elastography. There are
major differences between RSWE and passive elastography: the
former is a narrowband, spatial domain autocorrelation method
derived from classical acoustics which uses active sources vibrating
at specific frequencies; the latter is a broad-band random signal,
temporal correlation via time reversal, derived from geophysics
and originally relying on natural shear wave sources.

Our preliminary results, using US-RSWE, show its capability
to obtain SWS and SWD images. As reported in Ref. 15, US-
RSWE was able to generate images in deep areas (~16 cm depth)
for liver application in obese patients. Thus, this method may be
able to overcome one of the main liver clinical limitations: the
ability to obtain elastographic images in obese cases [7]. For
breast tissue, US-RSWE applied higher vibration frequencies
than in the liver. Our preliminary experiments showed the
possibility to obtain shear waves propagating through the
field using frequencies up to 700 Hz, despite the loss due to
attenuation. The higher frequencies also allow us to generate
shorter shear wavelengths and a possible improvement in the
spatial resolution to detect lesions. However, since the spatial
resolution also depends on the tissue stiffness, more
experiments are needed to determine ‘low’ and ‘high’
thresholds for vibration frequencies to define which are
appropriate for this specific tissue.

The work done in OCT-RSWE shows the advantage of
generating elastograms with axial elastography resolution of
55.5 ym [16], which is a promising tool for optimal fine-scale
medical imaging. Furthermore, OCT-RSWE is able to detect
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elasticity changes along the depth axis, which is very important for
characterizing corneal layers stiffness. In particular, the properties
and boundary conditions of cornea (layer distribution, surfaces, and
stiffness heterogeneities) help to produce multiple reflections and
aberrations of shear waves. These properties are optimal to estimate
the SWS using RSWE, a clear advantage compared to other peak
tracking-based methods where these conditions will diminish the
effectivity of their SWS estimators. In OCT-RSWE, a multi-
frequency range has not yet been applied. However, the system
can be modified to send multi-harmonic vibrations at the same
time. The simultaneously captured data will give information about
the depth dependent SWD and its relationship with the viscoelastic
parameters. A procedure similar to US-RSWE can be performed to
obtain SWD plots and 2D images. This procedure shows an
example that OCT and US, using the reverberant shear wave
elastography approach, may be integrated to generate a multi-
modal approach where each can add important information from
the micro and macro level structure of the tissues.

Since the RSWE approach has been studied the last 4 years and
results are preliminary, a number of issues remain to be evaluated.
One practical problem may occur when the field fails to approach
the diffuse or reverberant ideal or a partial reverberant field is
created with dominant waves propagates at specific regions. A
more comprehensive determination of the degradation or
deviation from the model remains to be quantified including
the quantification of the minimum amount of vibrations sources
in more realistic tissue models and the attenuation of waves when
using high frequencies. Moreover, the assumption of local
homogeneity and constant density remains true in RSWE as
in most of the reported elastography techniques [3]. The plane
wave assumption has a different impact in RSWE since Eq. 1
represents the limiting case in which statistical summation of
plane waves traveling at different direction converges to
expressions of Eqs. 2 and 3. We believe this statement holds
true if the summation is performed using spherical (or
cylindrical) waves since these waves contain a variety of
propagation directions in a single wavefront that reinforces the
statistical summation along the 47 solid angle. Future work may
focus in the impact of the use on non-plane waves in the accuracy
of the estimators proposed in Theory section. As mentioned in
Ref. 16, a future implementation of OCE-RSWE for in vivo, in
situ, and a fully non-contact method for 3D elasticity
characterization of corneal layers, requires some modifications
to the current system. For instance, the 3D printed ring and the
attached actuator can be replaced by a circular array of air-
coupled focused ultrasonic transducers. Finally, up to date, RSWE
has not been implemented in MRE; however, we believe MRE-
RSWE is possible for excitation frequencies in the range of
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