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Abstract

After 10 years of progress and innovation, optical coherence elastography (OCE) based on the
propagation of mechanical waves has become one of the major and the most studied OCE
branches, producing a fundamental impact in the quantitative and nondestructive biomechanical
characterization of tissues. Preceding previous progress made in ultrasound and magnetic
resonance elastography; wave-based OCE has pushed to the limit the advance of three major
pillars: (1) implementation of novel wave excitation methods in tissues, (2) understanding new
types of mechanical waves in complex boundary conditions by proposing advance analytical and
numerical models, and (3) the development of novel estimators capable of retrieving quantitative
2D/3D biomechanical information of tissues. This remarkable progress promoted a major advance
in answering basic science questions and the improvement of medical disease diagnosis and
treatment monitoring in several types of tissues leading, ultimately, to the first attempts of clinical
trials and translational research aiming to have wave-based OCE working in clinical environments.
This paper summarizes the fundamental up-to-date principles and categories of wave-based OCE,
revises the timeline and the state-of-the-art techniques and applications lying in those categories,
and concludes with a discussion on the current challenges and future directions, including clinical
translation research.

1. Introduction

Elastography, in the medical imaging perspective, is the functional modality that conveys
information on the biomechanical properties of tissues. Among different mechanical
parameters, elasticity has been proven to be an exciting biomarker not only for
understanding physiological processes but also for the assessment of disease progression and
treatment monitoring in various organs and tissues, including the ocular tunic, muscle, liver,
brain, skin, and engineered tissues to name just a few [1-3]. Historically, elastography has
been firstly implemented in imaging modalities such as magnetic resonance (MRE) [3] and
ultrasound (USE) [1] (with millimeter-scale imaging resolution) demonstrating extensive
capabilities in the generation of elasticity maps in 2D and 3D. Later on, the appearance of
optical coherence tomography (OCT) as the light-based imaging method with micrometer
spatial imaging resolution (~3 to 10 um) and depth penetration in the millimeter range (~1
to 2 mm) made possible the first implementation of elastography in OCT, also hamed optical
coherence elastography (OCE). Originally proposed by Schmitt et al. [4] in 1998, OCE has
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rapidly evolved in the scientific community during the past decade with remarkable progress
in the characterization of biomechanical properties of ex vivoand in vivotissues, as reported
by major review papers in years 2014 [5], 2015 [6], 2016 [7], 2017 [2], 2018 [8], and

2020 [9]. The underlaying effort promoted a major advancement in answering basic science
questions and improving medical disease screening in several types of tissues, ultimately
leading to the first attempts of clinical trials and translational research [10-13].

Learning previous lessons from MRE and USE for the /n situ and non-destructive
elastography, OCE adopted the use of mechanical waves for the quantitative estimation

of viscoelastic properties in soft tissues, constituting today one of the major and most
studied OCE branches, also named as wave-based OCE. The principal feature of OCT that
makes elastography possible relies upon its ability to measure motion (displacement) with
sub-nanometer sensitivity using the phase-sensitive OCT approach [14]. Therefore, OCT
generates not only structural images of a sample based on the light scattering produced by
the different tissue distributions and boundaries but also provides sequences of displacement
images along the time. This latter capability, ultimately, permits the measurement of quasi-
static deformations and the tracking of mechanical waves within the same sample. Wave-
based OCE was firstly implemented by Liang and Boppart [15] in 2010 and leveraged

the connection between the speed of mechanical propagating waves with the viscoelastic
properties of the material under study. Unlike quasi-static approaches where the elastic
modulus of tissues is calculated by measuring its deformation produced by an exerted known
force distribution [9], wave-based OCE allows for its quantitative elastography using only
the motion field by assuming some a priori knowledge on boundary conditions of the tissue.
This characteristic, together with the ability to generate waves using non-contact approaches,
constitutes the major attraction towards developing this field.

Historically, shear waves have been the most desirable perturbations in wave-based
elastography since shear waves speed (cy) is related to the shear modulus and, making

the proper assumptions, to the Young’s modulus (£) which are important biomechanical
parameters that have been used to characterize tissues in normal and pathological conditions.
Moreover, shear wave speed in soft tissues is in the range of 0.1 to 50 m/s which does not
impose a rigid restriction for imaging acquisition systems to capture wave propagation. The
relationship between £, and ¢, can be simplified for a uniform, elastic, homogenous and
isotropic medium with density p and Poisson’s ratio v, as [1]:

¢ =+ E2p(1 +0). 1.1)

This relationship has been further extended for more complex cases in which the medium

is viscoelastic, anisotropic, and heterogenous by remodeling the fundamental equations that
describe waves in elastic solids and calculating other wave parameters such as attenuation,
speed dispersion, and direction-dependent speed. The use of shear waves was first leveraged
by MRE [16] and USE [17] since these techniques can measure regions in tissues with
dimensions much larger compared to the excitation wavelength. Then, shear waves can
propagate farther away from the boundaries of the tissue boundaries at the speed shown

in Equation 1.1. However, in OCE, its millimeter penetration depth constrains the motion
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measurements to regions closer to the boundaries of tissues where surface acoustic waves
(SAW) are the dominant perturbations. Unlike pure transversal (shear waves) and pure
longitudinal (pressure or acoustic waves) waves traveling in an elastic medium, SAWSs have
both transversal and longitudinal components of motion, it can be dispersive, and its speed
is highly dependent on the boundary conditions of the media [18, 19]. A notable example in
wave-based OCE demonstrating the importance of identifying the correct SAW propagating
in tissues with complex boundary conditions is the cornea. As many studies reported before
[8, 20, 21], the dominant perturbation in the cornea is called Lamb wave, and its speed not
only depends on the shear/Young’s modulus of the corneal tissue but also on the corneal
thickness, excitation frequency, and acoustic properties of the neighboring coupling media,
among other parameters. Then, interpreting changes of Lamb wave speed as uniquely related
to changes in the elastic or shear moduli of corneal tissues is inaccurate and may lead to
false conclusions.

In elastography, the most common assumptions made on tissues rely on their homogeneity,
isotropy, elasticity, linearity, and incompressibility. Nevertheless, in reality, tissues exhibit
far more complex biomechanical properties, including heterogeneous distributions (e.g., the
corneoscleral boundary in the eye) [22], anisotropy (e.g., muscle or corneal tissue with a
preferable orientation of fibers) [23, 24], viscoelasticity (e.g., liver and fat tissues producing
strong dumping and attenuation of waves) [25], non-linearity (e.g., the increment of corneal
rigidity when it is stretched) [26], and others. This biomechanical complexity, added to the
challenges imposed by SAWS, encouraged the scientific community into the research of new
analytical models of wave propagation and the development of estimators that can be used
to reveal some of these parameters. Special attention is given to the capabilities of estimators
in detecting smaller spatial elasticity gradients in tissues, which brings the concept of
elastography resolution. In wave-based OCE, the increase of elastography resolution is
primarily achieved by reducing the characteristic wavelength 4. of the mechanical wave (or

pulse spatial width for transient waves) is in tissues, and it is lastly limited by imaging
resolution of the OCT system [27]. While axial and lateral imaging resolution of OCT
ranges from 2 — 20 um [28], wave-based elastography resolution tends to be in the

millimeter scale in soft tissues [27, 29] due to the difficulty of reducing 4. As reported

by numerous studies [27, 29], the reduction of 4. can be achieved by increasing the temporal

frequency content of the mechanical wave. Therefore, continuous efforts are invested in the
implementation of excitation sources capable of producing mechanical excitation in tissues
at higher frequencies with enough displacement magnitude to be detected by OCT.

Finally, the development of excitation sources constitutes a fundamental pillar of wave-
based OCE since the spatial and temporal source characteristics significantly limit the
elastography resolution, while its coupling nature with the target tissues has a large influence
on the types of mechanical waves generated. In the last decade, several excitation methods
have been proposed [2, 8], and they can be classified by their physical nature (e.g., light-
based, acoustic-based, air-based, electromagnetic-based, and displacement-based excitation),
coupling properties (e.g., contact, and non-contact), spatial distribution (e.g., localized, and
distributed sources), and temporal capabilities (e.g., transient, harmonic/quasi-harmonic, and
multifrequency). The uses and attributes of each excitation method will depend on the
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boundary conditions, mechanical properties, and safety limits of the specific tissue under
study. For instance, in the elastography of the ocular tissues, non-contact excitation methods
are preferred in order to avoid possible damage, infection, and patient discomfort, which
facilitates its translation for clinical use.

In this review, we describe the fundamental principles of wave-based OCE and summarize
the 10-year progress in this field. In Section 2, we review the main tissue mechanical
properties using concepts of stress/strain and the types of boundary conditions typically
found in OCE. In Section 3, we conduct a taxonomical classification of the types of
mechanical waves propagating in tissues according to their boundary conditions and
mechanical properties, and we establish the relationship between wave speed and Young’s/
shear moduli. Later on, in Section 4, we describe the types of excitation methods that
generate these waves highlighting their physical nature and spatial-temporal characteristics.
Motion detection in OCE, including notions of main OCT implementations and acquisition
protocols, are discussed in Section 5. In Section 6, different elastography estimators

that allow the 1D, 2D, and 3D quantitative imaging of mechanical properties of tissues
leveraging various wave properties (e.g., group/phase speed, attenuation, and wavenumber)
are described including the definition of elastography resolution in wave-based OCE. Most
of the recent work in wave-based OCE is reviewed in Section 7 in the context of the
sample under investigation and categorized as: phantom studies, ex vivo studies, /in vivo
pre-clinical studies, and /n vivo clinical studies. Furthermore, in Section 8, we discuss the
current main challenges of OCE in terms of resolution, acquisition speed, accuracy and
repeatability of estimations, and feasibility for /n vivo clinical implementations, underlying
possible directions for future work. Finally, in Section 9, we summarize the main progress
of wave-based OCE in the past 10 years, including information on how this OCE branch has
been growing in terms of scientific productivity.

We apologize in advance if we have missed any significant publication in this review’s
content; we tried to be as throughout as possible.

2. Tissue mechanical properties and boundary conditions

In the field of elastography, the elastic properties of tissues can be understood as the
relationship between the deformation (represented as strain &) response produced by applied
mechanical stress (o). Then, a stiffer tissue will deform much less than a softer one under
the same stress. This simple concept has been extensively used in medicine through the
years in the palpation of tissues for the possible detection of tumors and other diseases. In
this section, we aim to define the principal mechanical parameters probed in elastography
for cases such as elasticity, viscoelasticity, anisotropy, and non-linear elasticity, and how
these parameters are related to the components of the soft tissue microstructure.

2.1. Soft tissue microstructure

Pathological changes of tissues are often related to modifications in their consistency
and histological microstructure which will further propagate in variations of mechanical
properties at the macroscale level. At this scale, the extracellular matrix (ECM) and the
active cells (e.g. fibroblasts in muscle tissue) are the two fundamental components, being
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the ECM the one providing integrity and support for the structural functionality of tissues
[30]. Research has demonstrated that metrics derived from shear wave speed are potential
biomarkers to assess changes of tumor microstructure principally affecting the ECM [31].
Therefore, the elements composing the ECM, including their interactions have an important
role in its mechanical response. The ECM can be understood as a crosslinked network of
collagen and elastin embedded in a gelatinous matrix of proteoglycans [32]. Following the
dynamic strain-stress example of ECM under deformation proposed by Russ., et al. [30],

in the absence of load (e = 0%), the symmetrical organization of the collagen fibers are

in their natural state (loose and wavy) and it can be modeled as approximately isotropic

(i.e. it strain-stress behavior is invariant to direction) at the microscale level. Then, when
the soft tissue is stretched (e < 2%), the elastin fibers absorb most of the energy leading to
an increase of the elastic modulus (i.e. non-linear elasticity effect). However, when ECM is
further stretched, interfibrillar sliding is induced and collagen fibers start to line up along the
loading direction which increases the elastic modulus at a preferable orientation (i.e. elastic
anisotropy effect). Finally, the high fluid content of tissues combined with the poroelastic
structure of the ECM produces a time-delayed deformation strain when a load is applied,
which translates to energy dissipation and, seen at the macroscale, behaves as a viscoelastic
solid. Therefore, the mechanical properties of the same tissue can be modeled differently
depending on the components of its ECM and its response to deformation. Historically,
elasticity has been assumed in soft tissues with unknown rheological behavior and because
of the simplicity of the estimations; nevertheless, combined mechanical behavior has been
reported in a variety of soft tissues including muscle and cardiac tissue [33, 34] (anisotropic
and non-linear); liver [35, 36], breast [37], and prostate [38] (Vviscoelastic); cornea and sclera
[22, 39, 40] (non-linear and anisotropic), to name just a few.

2.2. Elasticity

In a homogeneous, linear elastic, and isotropic medium (see Figure 1a), the relationship
between stress and strain in a 3D Cartesian space (xj, xp, x3) is given by:

£l [ 1/E —v/E-v/E 0 0 0 ]|°N
€22 —v/lE 1/E —v/E 0 0 0 ||o2
£33 _ —v/E—-v/E 1/E 0 0 0 |]|o33 21)
2e10 0 0 0 1/u 0 0]||op
213 0 0 0 0 1/u 0|
2623 0 0 0 0 0 Vul|gy,

where, ¢; (i = j) is the infinitesimal normal strain; 2¢;;(i # j) is the infinitesimal shear strain;
o;j is the Cauchy stress in a finite-strain problem; and vis the incompressibility modulus

called Poisson’s ratio in any //-plane. Then, the elastic parameters of interest in OCE are:
Young’s modulus (£), which relates uniaxial strain and stress in the same direction (/= j);
and shear modulus (¢) which relates shear strain with stress in any //~plane (i # j). Then u
can be expressed in terms of £and vas

u=ER(+0v). 2.2)
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Most tissues are considered incompressible (i.e., volume conservation when tissues are
exposed to any load); therefore, we can use Tr(e) = 0, and v = 0.5, leading to x4 = E/3. In
wave-based OCE, the speed of shear waves (cy) is related to the shear modulus xand

tissue density p as ¢; = \/u/p (extended explanation in Section 3.1). Therefore, assuming a
homogenous, isotropic, and linear elastic tissue, £ can be calculated as well using Equation
1.1. It is important to note the symmetry of Equation 2.1 in which in £and y are the same
for any direction. Then, isotropic wave propagation along the x; x3-plane is produced when
the motion is polarized along the x,-axis (Figure 1a) [19]. Therefore, ¢ is the same along
the xq- and x3- axes and constant for every excitation frequency as shown in Figure 1d. This
condition will not hold for more complex cases such as anisotropic tissues (Section 2.3).

2.3. Viscoelasticity

Up to this point, we have considered the shear modulus to be fully elastic (i.e., ¢is a real
number and g > 0); however, there is extensive evidence that tissues are viscoelastic [21, 25,
35, 38, 41-43], which means that xis frequency-dependent and complex (ji(w)) represented
as:

Aw) = ps(w) + ip(w), (23)

where uy(w) and p(w) are known as the storage modulus and loss moduli, respectively; and
o is the angular frequency (o = 2z f). We can extend the ¢, — p relationship from the elastic
case to the complex version as

es(@) = i(w)/p. (2.4)

The complex shear wave speed c;(w) does not show a physical meaning itself until it is used
in the wave equation solution k = w/c, as:

w w

@ - TR @9

Ig(co) =

Then, the frequency-depended wavenumber k(w) can be represented in a complex form as
[44]:

k(@) = fl) - ia(@) = ——

(@) i(w) . (2.6)

In Equation 2.6, the real part of k(w) is related to the frequency-dependent phase velocity
Cpp(w). The physical meaning of the imaginary part of k(w) is related to the frequency-

dependent attenuation of the shear wave when Equation 2.6 is used in the complex
exponential representation of a wave traveling along the positive side of the x;-axis as:

Prog Biomed Eng (Bristol). Author manuscript; available in PMC 2023 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zvietcovich and Larin Page 7

1 w7 1 iwi— _
”xz(xl’t): XINez(wt k(w)x1) _ XINez(wt ﬁ(w)xl)e a(a))xl’ @7

where uy,(x1, 1) represents the displacement along the x;-axis produced by a pure transversal

wave traveling along the xj-axis (or xz-axis as the sample is considered isotropic in this
derivation) as shown in Figure 1b. The first term on the right side of Equation 2.7 represents
the attenuation produce by the geometrical spreading of the wave in the far field when
propagating along the x;-axis. Then /=0 for plane waves (no spreading), /= 0.5 for
cylindrical waves, and A= 1 for spherical waves. The next term of Equation 2.7 is the
regular complex exponential representing wave propagation with speed controlled by f(w).
while the last term is the exponential decay of the wave amplitude produce by a(w) as the
wave propagates toward the right side of the x;-axis. In this treatment, we are agnostic

on the frequency dependence mechanism of cp;,(w) and a(w); however, by choosing a
constitutive model of the tissue and using the Kramers-Kronig relations, it is found that
cpp(w) and a(w) are linked to each other [45, 46].

The contributions of f(w) and a(w) (Equation 2.6) in the storage and loss shear moduli
(Equation 2.3), without any assumption of the viscoelasticity behavior of tissues, are
described as [47, 48]:

2 b@’ = a@)’

Us(@) = p ) (2.8)
B@)* + a(@)?) :
f@)a(@)
() = 2pe* ——=———— . .
[ B@) + @)’ @00

Then, in the case of elastic tissue where a(w) = 0, then () = 0, and the storage modulus

only depend on the phase speed as u (@) = p(w/f(@))* = pepp(@)*. While uy(w) and p(w) tend
to be associated with the elastic and viscous part of the medium, and these definitions can
only be interpreted when using a rheological model. Several rheological models have been
proposed in elastography for the adequate modeling of viscoelastic tissues [43]. One of the
most used models in wave-based OCE is the Kelvin-Voight model. This model simulates
the elastic and viscous part of the medium with a spring (G parameter) and dashpot (7
parameter), respectively, arranged in parallel [43]. Then, the complex shear modulus is
represented as:

HWw) = Go+ion. (2.9)

Using Equations 2.8a and 2.8b in Equation 2.9, c¢pj(w) and a(w) can be found as [43]:
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1=1/2
1 1 w?
cpp(®) = ¢ 3 Th/1+—F+1 , (2.10)
1+% “0
20
12
2
a(w):cﬂé 1 > 1+w—2—1) , .12)
1+% “0
2]

where ¢y = \/@, and oy = Gy/n. Then, cpp(w) and a(w) are frequency-dependent, and
parameters Gg and 7 can be found by using either Equation 2.10 or Equation 2.11. If
frequency-dependent data is not available, and ¢p, and a are only measured for a single
frequency, both Equation 2.10 and 2.11 are needed to calculate Gy and 7. Therefore,

the effect of viscoelasticity (using this particular rheological model) in mechanical wave
propagation is speed dispersion, as shown in Figure 1e, and attenuation, which both

can highly dump and distort the propagation of transient pulses in tissues (see the wave
pattern in Figure 1b). Other models have also been proposed in USE [38, 43, 49] and wave-
based OCE [8, 21, 25, 48, 50-53], including the Voigt, Maxwell, Kelvin-Voigt Fractional
Derivative, and Standard Linear Solid. In Section 6, we will discuss estimators capable

of measuring phase speed dispersion (cp,(w)) and wave attenuation (a(w)) from the spatio-

temporal wave propagation, which, together with Equations 2.8, are used to calculate ug(w)
and yy(w).

2.4. Elastic anisotropy

In Section 2.1, we assume that tissues are elastic, homogeneous, and isotropic; nevertheless,
in reality, the distribution of many tissues breaks this assumption. For example, skeletal
muscle cells are long and tubular with a preferable direction of alignment; therefore, muscle
is considered an anisotropic medium, which has implications in the relationships between £
and u for specific direction and planes in the 3D space. Consequently, the wave speed will be
affected by the direction in which the mechanical wave is propagating and its displacement
polarization.

A special case of anisotropy in the transverse isotropic model in which the material is
mechanically symmetric with respect to one selected direction (e.g., the direction of the fiber
alignment in the skeletal muscle example). We will call this direction the axis of symmetry.
Then, the elastic material exhibits isotropic behavior only at every plane perpendicular to the
axis of symmetry (i.e., the plane of isotropy). For the purpose of this explanation, we choose
X3 as the axis of symmetry, and the x; xo-plane as the plane of isotropy, as shown in Figure
1c. Similar to the elastic case, we can represent the relationship between the 3D strain (&)
and stress (o) as:
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€11 | 1/E, =—vp/E, —vp/E; 0 0 0 ][0
%) —-v,/E, V/E, —uv,/E, 0 0 0 ||oxn
£33 —UplEp —vp/E, 1/E; 0 0 0 [|o33 e
2e1n 0 0 0 Vp, 0 0 |]|op2
2¢e13 0 0 0 0 1/ O [|o13
293 | O 0 0 0 0 1/l |ox

where, £,= £, = £, and £;= E3 corresponding to the Young’s modulus in the plain of
isotropy (p), and along the axis of symmetry (4, as a function of the three moduli £, £,, and
£z in the principal directions x1, xp, and X3, respectively. Similarly, vy, = v31 = vap, V= 13
= V3, and v, = 113 = 1y are the Poisson’s ratios as a function of vj; which characterizes the
transverse strain in the j~direction when the material is stressed in the ~direction. Finally, 4,
= tho = Ef2(1 + V), and 4y = fh3 = tb3 are the shear modulus in the plane of isotropy and in
transverse planes parallel to the axis of symmetry, respectively.

Unlike the isotropic case, the relationship between /4, £p, and v, parameters (Equation 2.2
in the isotropic case) is only valid for the plane of isotropy, leaving the £ 4, and vy,

as independent unknown variables, assuming that the medium is incompressible [54]. In
wave-based OCE, 4, and y;are responsible parameters to define the speed of shear waves.
Two canonical cases can be identified. In the first case, shear waves travel parallel to the
x1Xo-plane of isotropy with displacement mainly polarized along the axis of symmetry xs.
Then, when the wave travels along x; direction, the medium is sheared in the x;.x3-plane
and the wave speed is related to the shear modulus ;= 43. Similarly, if the wave travels
along x», the medium is sheared in the x,x3-plane and the wave speed is related to the
shear modulus ;= (k3. Therefore, the wave speed is isotropic (i.e. same speed along any
direction) within the plain of isotropy and is defined by

ch=.ulp. (2.13)

The second canonical case is defined when the wave travels in any transverse plane
perpendicular to the plane of isotropy. Then, the displacement produced by the wave is
mainly polarized perpendicular to the axis of symmetry. If we define x;.x3-plane as the
transverse plane, then the displacement is polarized along the x,-axis as shown in Figure
1c. When the propagation direction is along x; (perpendicular to the axis of symmetry), the
material is being mechanically sheared along the x; xo-plane associated with shear modulus
Hp= thp. Then, the wave speed is defined as:

ek =\luplp. (2.14)
On the other hand, when the wave propagates along x3 (parallel to the axis of symmetry),

the material is being sheared along the x>x3-plane, associated with shear modulus gy = b3.
Then, the wave speed is the same as in Equation 2.13. In summary, the wave speed in the
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x1x3-plane is anisotropic, and it has an elliptical shape (see the wave pattern in Figure 1c)
defined as [55]:

cs(0) = \/ (c? cos 9)2 + (c, sin 9)°, (2.15)
where the angle &is defined with respect to xj-axis.

In summary, the shear wave speed in any direction within a transverse isotropic tissue can

be defined as a linear combination of the two canonical cases shown in Equation 2.13 and
2.14. The assessment of ¢? and ¢} (where ¢ > ¢P in the example of Figure 1f) has been
characterized before in USE, MRE, and numerical simulation [54—60]. Later, it was further
extended in wave-based OCE in a variety of tissues, including skeletal muscle [61] and other
more complex boundary conditions such as cornea [23, 62].

2.5. Non-linear elasticity

Previously, the Young’s (or shear) modulus has been defined as a constant for the elastic
case, or frequency-dependent for the viscoelastic case; however, in elastography, the
dependence of £ with respect to the strain e (or deformation) imparted in tissues has

been documented in muscle [33], cornea [62], sclera [22], and other soft tissues. Then, the
strain-stress relationship is non-linear, and the Young’s and shear moduli can be described
as E(e), and (). In the context of wave-based OCE, the dynamic displacements produced
in tissues under constant tension for the generation of waves tend to be in the submicron
range, which constrains (), and /() to the very initial linear region (low &) and it does
not impose a problem in the repeatability of measurements. On the other hand, if tissues
are subject to an external variable tension (or compression), OCE measurements will be
able to probe £(e), and (&) for different strain scenarios, which can be instrumental for the
understanding of tissue function and biomechanics [22, 62].

2.6. Tissue spatial distribution and boundary conditions

The relationship between Young’s modulus and shear wave speed in Equation 1.1
constitutes the keystone in elastography. This relationship was obtained assuming a shear
wave propagating in an elastic, isotropic, homogenous infinite-type media. Aside from
anisotropy and viscoelasticity that were discussed in the previous sections, tissues can

also be heterogeneous, and they have distributions and boundary conditions far more
different than the initial assumption. Figure 2 shows a variety of tissues exhibiting different
distribution and boundary conditions. For instance, skin can be considered a layered medium
consisting of epidermis, dermis, and subcutaneous layers, each with different elasticities and
thicknesses. Furthermore, the cornea can be considered as a layered thin-plate interacting
with fluid in the posterior surface. In both cases, there is a top coupling media between

the OCT probe and the tissue under measurement, which is typically air (or fluid for other
cases where the excitation method or the tissue conditions require it) as shown in the left
column of Figure 2. In all these cases, the wave propagation phenomenon will be affected,
and other branches of mechanical waves, such as SAWSs or Lamb waves, depending on the
tissue structure, will more likely to propagate [19, 63].
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Tissue distribution and boundary conditions can be classified by infinite, semi-infinite,
thin-plate, layered, and heterogenous, as seen by a characteristic wavelength (1) of the
propagating mechanical wave. Even though tissues can be described by combinations of
more than one case and exhibit far more complicated distribution, the proposed classification
is useful for understanding the different branches of mechanical waves measured in wave-
based OCE.

2.6.1. Infinite media—This case can be approximated to a medium with dimensions
much larger than 4. of the propagating wave. Similarly, this case is considered homogenous,

which means that any inhomogeneity (localized inclusions with different elasticities than the
background) is much smaller than 4. Finally, infinite media does not account for borders

with external boundary conditions; therefore, pure body waves, such as shear and pressure
waves, and longitudinal shear waves (detailed explanation in Sections 3.1, and 3.2) are more
likely to propagate. This type of assumption of tissues can be achieved in MRE and USE
since they have a larger imaging field of view capable of measure deeper in tissues such as
the human breast, kidney, and liver.

2.6.2. Semi-infinite media—Similarly to the previous case, semi-infinite media is
characterized by a medium with dimensions much larger than 4. of the propagating wave,

but with the presence of a border delimiting the beginning of the elastic medium, which can
be subjected to different boundary conditions (see the bottom element in the left column in
Figure 2). This case also considers homogeneity (local inclusions are much smaller than 4.)

in the elastic region. Semi-infinite media can support the propagation of pure body waves,
and longitudinal shear waves, and SAWSs (detailed explanation in Sections 3.1, 3.2, and
3.3). This type of assumption of tissues is typically achieved with OCT since its imaging
penetration is in the millimeter range. Examples of semi-infinite tissues are ex vivo biopsy
samples extracted from larger organs such as the liver, brain, and muscle.

2.6.3. Thin-plate media—This type of media is characterized by a thickness with
dimensions comparable to 4. of the propagating wave (see the top element in the left column
in Figure 2). Therefore, there are two borders, delimiting the beginning and the end of the
elastic medium, which can be subjected to different boundary conditions. This case also
considers homogeneity (local inclusions are much smaller than 4.) in the elastic region. Thin
plates frequently support Lamb waves (detailed explanation in Section 3.4), and they can be
imaged by OCT. Typical tissue example are tendons, cornea, and sclera (assuming 4. much

larger than the layer thicknesses within the thin-plate).

2.6.4. Layered media—This case takes effect when the thicknesses of two or more
layers (with different elasticities) distributed horizontally (along the lateral extend) or
vertically (along with the depth) are much smaller than 4. of the propagating wave. Layered
configuration can be added to semi-infinite media (e.g., skin tissue depicting epidermis,
dermis, and subcutaneous layers), or thin-layer media (e.g., cornea showing layers such as
epithelium, stroma, and endothelium) as shown in the bottom and top elements in the center
column of Figure 2, respectively. Layered media often support Love waves [64], which
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are guided by the borders in between consecutive layers and reported in seismic studies;
however, up to date, there is no experimental evidence of them in wave-based OCE. In
addition, there are reports of mixtures of other wave branches in this type of media, such as
shear [65], SAWSs [25], and Lamb waves [20] when 4. is reduced.

2.6.5. Heterogeneous media—In this case, localized inclusions with variable shapes
and different elasticities compared to the background have dimensions comparable to

the characteristic wavelength 4. of the propagating wave. Similar to the layered media,
heterogeneity can be added to all other previous media cases, as shown in the third column
of Figure 2. Examples of this medium include disease conditions such as the presence of
stiffer tumors in the liver or brain, skin carcinoma, localized anomalies in the cornea, etc. All
types of waves can propagate in this media depending on the assigned boundary conditions
explained in the previous cases.

3. Types of mechanical waves in tissues

A mechanical wave is generated when a disturbance (also called excitation) is produced

in an elastic medium and spreads or transmits to other regions of the same medium. Such
effect is also called wave propagation, and its speed is ultimately related to the intrinsic
properties of the material and boundary conditions of the medium. In the context of OCE

in tissues, the generation of waves is typically conducted within and beneath the surface

of tissues (typically 1 to 3 mm due to the absorption of infrared light in tissues [66])
produced by an excitation source, and displacement (or particle velocity) is measured along
the axial direction (z-axis) as shown in Figure 3a. The distribution of waves generated when
a harmonic axial load is applied to the surface of a semi-infinite elastic and isotropic solid,
as discussed by Graff [19] is shown in Figure 3b. Each wave can be classified according

to its propagation direction, displacement polarization, and speed properties. In wave-based
OCE, four major wave branches are generated and measured for the elastic characterization
of tissues among different boundary conditions and excitation properties: body waves (those
are shear and compression waves in Figure 3b), longitudinal shear waves, and surface
acoustic waves (that can be Rayleigh/Scholte, or Lamb waves depending on the coupling
media and boundary conditions).

Body waves

Body waves are also known as bulk waves, and they can be: pure longitudinal, when particle
velocity (displacement) is parallel to the direction of propagation, and pure transversal

when the particle velocity is perpendicular to wave propagation direction. Body waves are
independent of boundary conditions as the relationship between wave speed and mechanical
properties of the medium where they propagate is straightforward. The pure transversal
wave is also known as shear wave or S-wave, and its speed (cy) is determined by the shear
modulus () and density (o) of the medium [19]:

Cs = «/W . CR)
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Figure 3b shows shear waves propagating with the strongest energy towards oblique angles,
also called the shear window. Shear waves are the keystone of elastography, and they were
especially leveraged by MRE and USE due to the large field of view capabilities of these
imaging modalities. Nevertheless, in OCE, such waves are very difficult to measure due to
the effect of the surface of tissues. Generally, in homogeneous, isotropic, and linear elastic
solids, the relationship between shear and Young’s modulus is tied to the Poisson’s ratio as:

u=ER(+0). (3.2)

Using this relationship together with Equation 3.1 gives birth to Equation 1.1. Later on, in
Section 2.3, we will see that this relationship is not valid anymore for anisotropic tissues.

The pure longitudinal wave is also known as pressure wave (P-wave) or acoustic wave, and
its speed (cp) is related to the p-wave modulus (M) and density of the material as:

cp,=+Ml/p. (3.3)

The P-wave modulus can be represented in terms of the bulk modulus K (or modulus of
incompressibility), and the shear modulus yas M = K + 4u/3 [19]. Figure 3b shows the
acoustic wave as the primary perturbation propagating radially with respect to the loading
point and faster than other wave branches. Biological soft tissues are mostly composed

of water (considered nearly incompressible: v ~ 0.5) with K'in the range of 2-3 GPa, and
Young’s modulus in the range of 0.1 kPa — 30 MPa [67]. Then, assuming the tissues are
isotropic, from Equation 3.2, we have that x roughly ranges from 30 Pa to 10 MPa, which
is less than 1% of K. Therefore, as K > u. P-wave speed in tissues is mostly dominated

by K'in the range of 1400 — 1700 m/s [67]. Acoustic waves are not typically measured in
OCE since they travel faster than typical OCT acquisition speed with lower displacements.
On the other hand, shear wave speeds in soft tissues are in the range of 0.1 - 50 m/s, which
can be captured and used in OCE. Recent developments in the Brillouin optical miscrospy
[68] are able to characterize bulk modulus K of tissues with interesting applications in the
treatment monitoring of corneal therapies [69]. There are also studies that demonstrate log-
log relationship between Brillouin shift and that could potentially be used for quantitative
elastography (see, for example, [70-72]). Nevertheless, it is important to highlight the strong
sensitivity of Brillouin measurements to K rather than y [73].

Longitudinal shear waves

While pressure waves produce compression and extension of the medium and they satisfy
the curl-free solution of the electrodynamic equation, shear waves, on the contrary, do not
produce volumetric changes as they are divergence-free [74]. Longitudinal shear waves
(LSW) are a special case of transient shear waves that are both divergence- and curl-free,
and they have been theoretically studied in [74, 75]. Therefore, such waves do have not
only transversal but also longitudinal components of motion. When the surface of an elastic
medium is excited with force/displacement perpendicular to such surface (axial motion in
Figure 3b), longitudinal shear waves are generated and travel towards depth with interesting
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properties for OCE: they have a longitudinal (axial) component of motion detectable by
OCT, and they travel at the shear wave speed (not being guided by the sample’s surface
as in SAW). In recent years, this type of waves have been leveraged by OCE for the
characterization of tissue-mimicking phantoms and biological tissues ex vivo [76-82].

Rayleigh/Scholte waves

Rayleigh and Scholte waves are types of SAWSs that propagate at the boundary of an

elastic solid interfacing with a vacuum (or air-material as shown in Figure 4a), and fluid
(e.g., liquid-material as shown in Figure 4b), respectively. These waves, unlike shear or
compression waves, have longitudinal and transversal components of motion, are guided

by the surface of the medium, are confined close to the surface (with an effective depth
inversely proportional to the excitation frequency), and their speed is dependent on the
characteristics of the elastic solid and coupling media. For a homogeneous, isotropic, linear-
elastic, and nearly incompressible (v ~ 0.5) solid, the Rayleigh wave speed (cg) travels at
[18]:

cr ~ 0.955\/ulp, (3.4)

which has a similar relationship (95% of the shear wave speed) with the shear modulus y as
in Equation 3.1. On the other hand, Scholte wave speed (cs,) travels at [18]:

cse = 0.8464/ulp, (3.5)

which represents 84% of the shear wave speed using the same assumptions for the elastic
medium.

Both SAWSs are not dispersive (i.e., the wave speed is not frequency-dependent for a elastic
and homogeneous medium), and decay as 1/+/r when they propagate radially away from

a localized source. In wave-based OCE, Rayleigh waves are the most common measured
wave due to the presence of air-material as the coupling media between tissues and the OCT
imaging probe. However, certain tissues, when measured /7 vivo, are surrounded by fluid
(such as crystalline lens and retina inside the eye): therefore, the correct model should be
utilized to avoid overestimations of the shear modulus z.

3.4. Lamb waves

Lamb waves are perturbations that propagate in a medium with a thickness in the same

order of magnitude as the characteristic wavelength of the mechanical wave (thin-plate type
medium) as shown in Figure 5a. These waves are typically dispersive (i.e., there exists

a frequency-dependence of the wave speed for elastic material), they are guided by the
surface of the elastic plate, and they have multiple propagation modes distributed in different
symmetric and antisymmetric orders [18, 19]. The speed of Lamb wave (¢;) is not only
dependent of the body wave speeds ¢, and ¢ of the elastic medium, but also in the excitation
frequency (w = 2 i), thickness of the plate (H), and the acoustic properties of the medium

at the interphase of the top and bottom layer of the elastic plate. The Lamb wave speed
cannot be represented in an explicit form as Equation 3.1, but it can be solved numerically.
Solutions to the Lamb wave speed have been proposed when the interphase medium is air or
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vacuum [18], fluid [83], and with mixed boundary conditions: top surface coupled with air,
bottom surface coupled with fluid [21], as shown in Figure 5a.

The cornea is the biological tissue that can be considered as a thin plate with mixed
boundary conditions as described in [21]. Then, the Lamb wave speed can be found by
solving the non-trivial roots of det(A) = 0, with A as [21]:

(K + 2 sinh(aH/2)  2kBsinh(BH/2) (K + 7 cosh(aH/2)  2kf cosh(BH/2) 0
2ka cosh(@H/2) (k> + %) cosh(BH/2)  2ka sinh(@H/2)  (k*+ f%) sinh(BH/2) 0
—(k* + ) sinh(aH/2) —2kf sinh(BH/2) (k> + %) sinh(@H/2) 2k cosh(BH/2)  prw?/(pe2)  (3.6)

— (k% + %) sinh(BH/2) 0
—k sinh(BH/2) —ap

(K2 + %) cosh(BH/2)
k cosh(fH/2)

2ka cosh(aH/2)
a cosh(aH/2)

2ka sinh(aH/2)
—a sinh(aH/2)

where k = w/c, a® = k* = w?/c,2, f* = k* — w?/c;2, and g is the shear modulus of the plate.

The properties of the coupling fluid are defined as: p£is the density of the fluid (typically
~1000 kg/m3), Cpis the acoustic wave speed in the fluid (typically ~1500 m/s), and

ap2 = K% - w?lcp2.

The solution of det(A) = 0 have two entire families of wave mode sets called symmetric
and antisymmetric order mode solutions [18]. Unlike the infinite media case in which only
two wave modes are possible (longitudinal and shear waves), in thin-plate bounded media,
the number of mode solutions per family is infinite. Solutions of det(A) = 0 can be found
numerically by assuming that acoustic properties and densities of the elastic plate and fluid
are the same: ¢, = ¢5 and p = pr The Ag mode, also called flexural or bending mode,
produces antisymmetrical displacement in the thin-plate with respect to its midplane (z

= 0) as shown in Figure 5b. On the contrary, Sy mode, also know as extensional mode,
produces symmetric with respect to the midplane of the thin-plate (Figure 5b). In practical
applications, both S and Ay are perturbations typically generated and measured since they
exist at all frequencies, and carry more energy than higher-order modes [18]. In wave-based
OCE, experimental evidence shows that Ay is the most common vibration mode in corneal
plate-type tissues carrying most of the energy [21, 25, 65]; however, other studies also
demonstrated the presence of other mode solutions [23, 84]. In this section, we are going to
focus on the Ag order mode solution which has been extensively used for the elastography of
thin-plate type tissues.

In the Ay solution of Equation 3.6, the relationship between the Lamb wave speed ¢;
with the shear wave speed ¢ (which provides £), the thickness of the plate (H), and
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angular excitation frequency w is determined as shown Figure 5c. Here, we can call it
quasi-antisymmetric zero-mode (Ag) solution since the boundary conditions of the plate is
hybrid (air and water boundaries) rather than uniform in a typical Lamb wave. In Figure 5c,
it is shown the frequency-dependent Lamb wave speed curves for different plate thicknesses
with the same material’s shear modulus (¢ = 10 kPa). Therefore, not taking into account

the Lamb wave model for a specific plate thickness and excitation frequency will result in
misleading interpretations of the material elasticity.

In contrast to other solution orders of symmetric and antisymmetric modes, in Ag the
asymptotic behavior of ¢; tends to converge at the Scholte wave speed ¢, when higher
frequencies are reached. Moreover, the thinner the plate is, the slower is the convergence of
the Lamb speed to c¢s.as shown in Figure 5c. Then, the estimation of x can be achieved

by either fitting the Ag (or any other order) solution to the frequency-dependent Lamb wave
speed with known thickness parameter, or by assuming convergence to the Scholte wave
speed (typically valid for higher excitation frequencies). A special case of the Lamb wave
propagation model is the one recently proposed by Pitre et al. [23], in which the elasticity
of the thin-plate material is considered as transverse isotropic (Section 2.3) and applied for
the anisotropic characterization of corneal elasticity using both zero-order symmetric and
antisymmetric solutions.

4. Excitation sources and their classification

As explained in the previous section, mechanical waves are generated after a localized
disturbance (force/displacement) is applied to the elastic medium under study. Different
mechanical excitation methods have been proposed during the last 10-year progress of wave-
based OCE, and they can be classified by their physical nature (light-based, acoustic-based,
air-based, electromagnetic-based, and displacement-based excitation), coupling properties
(contact, and non-contact, and passive-intrinsic methods), spatial distribution (single,

and multiple sources), and temporal capabilities (transient, quasi-harmonic, harmonic
excitation), as shown in the diagram of Figure 6. The spectral bandwidth of the waves
produced by any selected excitation source is fundamental for defining the resolution of
the OCE technique (further discussion of OCE resolution in Section 6.5), and the selection
of the most adequate elastography estimator. Besides the physical mechanism and coupling
properties of the excitation, the spectral bandwidth of the generated motion will depend on
the spatial extent and temporal shape of the excitation source.

Physical mechanism and coupling properties

The physics behind each excitation method proposed in OCE has a direct impact on

the efficiency relationship between the input excitation energy and the output force/
displacement generated in tissues. Understanding the mechanism in which each method
produces motion is fundamental to determine if it complies with the safety standards
required in clinical applications [85, 86]. They can be classified by light-based, acoustic-
based, air-based, electromagnetic-based, and displacement-based stimulation, and each of
them requires a different coupling medium between the stimulator and the tissue. The
coupling properties will ultimately define if an excitation method is considered contact or
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non-contact with respect to the target tissue. In this section, we describe the most common
excitation methods used in wave-based OCE.

4.1.1. Displacement contact—This method is based on the localized generation of
displacement in tissues produced by the direct contact to a vibration source. It was early
adopted by MRE [16] and USE [1, 17] for the generation of transient and harmonic
excitation using pneumatic-, electromechanical- and piezoelectric- based excitation. Liang
and Boppart [15] proposed the use of an electromechanical shaker for wave propagation
generation in OCE for the first time, constituting the first application of a displacement
excitation and, more generally, the first wave-based OCE paper. Later on, wave-based OCE
adopted the use of piezoelectric actuators fixed to different mountings that will be in contact
to the surface of tissues for the generation of localized [25, 29, 87], extended [76, 78],

and distributed [65] wave propagation. Displacement-based excitation using piezoelectric
actuators can produce large bandwidth (for transient excitation) and high frequency (for
harmonic excitation) motion, stronger and localized displacements (in the order of pm),
and allows to shape the displacement with a diverse variety of arbitrary time signals

such as Gaussian and Bessel pulses, modulated, chirped and harmonic signals. Depending
on the distribution of the contact tips and the time characteristics of the motion signal,
different types of waves (e.g., SAW, shear, longitudinal shear, and Lamb waves) and wave
interferences (standing waves, crawling waves, or reverberant fields) can be generated
(extended development in Section 4.2.2). Finally, this type of excitation is considered a
contact method, and it could be problematic for the elastography of delicate tissues such as
the cornea and the sclera due to the potential damage and discomfort. Nevertheless, a recent
study of wave-based OCE using a contact probe with a spherical tip for the elastography

of /n vivo human cornea [12] demonstrated no irreversible damage of epithelial cells in the
corneas of 12 volunteers.

4.1.2. Acoustic radiation force (ARF)—The use of concentrated acoustic waves for
the localized generation of motion within tissues has been early adopted by USE. The
technique is commonly known as acoustic radiation force (ARF), and it has been initially
implemented over acoustic mediums based on water. The physical principle of ARF relies
on the focusing of acoustic ultrasonic waves (in the order of MHz) traveling at the speed of
sound in water (¢,) that are absorbed by the tissue, with an ultrasound absorption coefficient
ap, and transformed into radiation force (F4z7) within a volumetric region of submillimeter

dimensions as [88]:

21
Fprp=—" (4.1

p
where /is the acoustic intensity of the pump beam. ARF can be produced by a single
element ultrasonic transducer with a fixed focus [89], or using an element array transducer
with refocusing and beam steering capabilities [90, 91]. The coupling between the
transducer and the tissue needs to be an acoustic medium with a similar acoustic wave
speed ¢, (water or gel) that allows the full transmission of acoustic waves. Then, ARF is
considered a contact method and it can generate mechanical waves not only at the surface,
but beneath tissues (remote excitation) which is beneficial for generating SAWSs, and shear
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waves. ARF can burst pulses from 10us to 10s which provides extended bandwidth [88].
Finally, due to the necessary abortion of acoustic energy by tissues and the sufficiently

large pressures that can be exerted, this method can represent a safety concern for certain
applications such as the elastography of ocular tissues [85]. Extended efforts are being put
into developing methods that reduce the acoustic pressures by preserving the bandwidth and
displacement amplitude [92].

4.1.3. Air-pulse stimulation—This excitation method is based on the fast and
controlled release of compressed air through a conduit with a diameter <0.15 mm. The
micro-air pulse delivers a localized impulse stimulus towards the surface of tissues in order
to produce a wave perturbation. It was firstly proposed in [93, 94], and since then, it has
been applied to the generation of SAWSs for the elastography of diverse tissues, including
cornea [20, 26, 62, 95-101], skin [13, 102, 103], cardiac and skeletal muscles [104-106],
and cartilages [107], to name just a few applications. Air-pulse stimulation has advantageous
properties relevant for its clinical translation, including its non-contact coupling with tissues,
the generation of small loading pressures (in the mPa range), and the precedent of being
used safely in other screening devices in ophthalmology [108, 109]. The mechanical waves
generated by air-pulse estimation generally have lower frequency bandwidth since this
method is limited to short pulses (< 0.8 ms duration) [94], which restricts the spatial
resolution in the generation of quantitative maps of elasticity.

4.1.4. Laser-pulse stimulation—This excitation method leverages the light absorption
of ultra-violet pulse-lasers (< 10 ns duration) within tissues for the generation of SAWSs and
shear waves. As described in the USE study in [110], two regimes are identified during the
underlaying phenomena: the thermoelastic and ablative regimes. In the thermoelastic regime
(lower laser beam energy <40 mJ), the absorption of the laser produces temperature increase
and, in consequence, the local dilation of tissues that produces motion. In the ablative
regime, partial vaporization of the medium (damage) is produced, which, in consequence,
produces local displacements with a larger amplitude. Therefore, for a selected laser energy
fluence, the mation will be produced in the thermoelastic or ablative regime depending on
the optical absorption of the sample, as explored using OCE in tissue-mimicking phantoms
and tissues [111]. Laser-pulse stimulation has been applied in the elastography of cornea
[112], skin [113], and liver [111] for the non-contact generation of large bandwidth SAWs
and Lamb waves. Moreover, laser stimulation in conjunction with photo-absorbers [114],
and dye-loaded perfluorocarbon nanodroplets (also named as “nanobombs™) [79-82] inside
tissues allows the localized generation of shear and longitudinal shear waves of great
importance in the transverse elastic characterization of tissues. Finally, the dependence of
optical absorption coefficient in tissues with the laser energy fluence needed to produce
detectable displacements are in the same range and, in some cases, surpasses the permissible
safety levels. Current efforts are being focused on reducing the laser energy fluence for

in vivo applications by breaking the absolute dependence of motion amplitude and tissue
optical absorption using other laser-activated motion mechanisms such as nanobombs [79].

4.1.5. Air-coupled acoustic reflection-based force (AC-ARF)—Similar to ARF,
this technique focuses ultrasonic waves on the surface of tissues through the air to produce
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displacement and wave propagation. Firstly proposed by Ambrozinski, et al. [115], the
use of air-coupled ultrasound transducers was demonstrated to produce waves at larger
bandwidths detectable by phase-sensitive OCT. The physical principle of AC-ARF relies
on the radiation pressure (P) generated by the reflection of acoustic waves at the border
of tissues due to the large mismatch of acoustic impedances between the air (ocp,,, ~429
Pa-s/m) and soft tissues (oCp,,,.,~1.5 % 106 Pa-s/m) as [116]:

2
p_ I0+RY) 42)

p
where /is the acoustic intensity of the pump beam, Ris the reflection coefficient at the
air/tissue interface, and ¢, is the acoustic wave speed in air (~340 m/s). Since acoustic
impedance in air and tissue are very different, R ~ 1 and the acoustic energy is efficiently
converted into displacements for lower acoustic pressures. AC-ARF is considered a non-
contact method since only air is needed as the interphase of the transducer and tissues.
The lateral size of the focusing spot will be determined by the frequency of the air-coupled
ultrasound transducer (frequencies in the range of 20 kHz to several MHz) and its phase
distribution (focusing power achieved with a fixed curvature [84, 117] or the use of masks
and mirrors [118]). AC-ARF has been successfully tested in the elastography of cornea,
achieving a localized focusing spot size of ~0.35 mm using a 1 MHz transducer [84,
119], and an extended spot size of ~4 mm when a 25 kHz transducer is utilized [117].
AC-AREF is also capable of producing large bandwidth waves due to the generation of
sharp temporal transient [84] and queasy-harmonic [119] pulses. Finally, calculations on
the acoustic intensity penetrating tissues were found to be orders of magnitude lower than
28 W/cm?2, which is the maximum exposure limit in ophthalmic imaging [120]; however,
formal safety studies of this technology are still needed.

4.1.6. Magnetomotive excitation—The magnetomotive excitation leverages the
properties of magnetic nanoparticles incorporated into tissues when exposed to an external
dynamic magnetic field as shown in Figure 6. Then, the nanoparticles vibrate as internal
and localized motion transducers capable of producing mechanical wave propagation. Firstly
proposed by Ahmad, et al. [121], wave-based OCE based on magnetomotive excitation has
been only explored in a few cases when combined with thermotherapy dosimetry [122,
123]. The possibility of confining the magnetic nanoparticles to small cylindrical regions
at higher concentrations within tissues allows the generation of localized wave propagation
[123]. Challenges with this method rely on the need for sufficiently high magnetic field
gradients with a relatively high concentration of nanoparticles in order to produce higher
displacements measurable by phase-sensitive OCT. Finally, even though this method is
considered non-contact, maintaining low toxicity due to the presence of nanoparticles in
tissues can limit its application for /n7 vivo tissue elastography.

4.1.7. Lorentz Force—This excitation method was firstly proposed in USE [124] and
later extended in OCE [125], and consist in the generation of transient force when an
electrical current is induced in tissues under the presence of a magnetic field flow. As
shown in Figure 6, two electrodes are located in the sample’s surface and they are subjected
to a transient pulse of voltage while a magnet produces an out-of-plane magnetic field.
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Since biological tissues are inherently conductive, biocurrent is generated with a direction
perpendicular to the magnetic field, producing Lorentz force in a direction perpendicular

to both current and magnetic field directions [125]. The generated force produces shear

and SAW waves in tissues that can be detected by phase-sensitive OCT. Difficulties of this
method include the generation of biocurrent (~15 mA in [125]) that can excide safety limits
in human applications. Moreover, in addition to the electrical damage, resistive heating may
produce tissue ablation. However, due to the weak and short duration of the electrical pulses,
these problems may be reduced and confined only in the excitation area.

4.1.8. Passive stimulation—Passive elastography constitutes one of the recent
promising branches of wave-based OCE that leverages non-contact passive sources of
mechanical waves (e.g., permanent ambient noise and physiological noise) for the local
estimation of mechanical properties. It has been firstly introduced in USE [126], and then
extended into wave-based OCE [127]. Typical passive sources of mechanical waves in

the human body are muscular activity, heart beats [128], and heart wall vibrations [129].
Vessel pulsatility has been used in OCE to quantity the stiffness of arteries in developing
chick embryos by imaging from outside the vessel [130]. Passive elastography uses the
noise-correlation technique to passively retrieve the elastic parameter of /n7 vivotissues,
with great potential for clinical translation. Furthermore, the resolution of this technique is
not limited by the excitation wavelength as all other wave-based OCE techniques (Section
6.5), but it is only limited by the imaging resolution according to [131]. Finally, the major
limitation of using passive sources is the inability to generate quantitative information (wave
speed) when the frequency content of the passive noise is unknown or spread out.

4.2. Spatial extent

The spatial extend refers to the spatial distribution (superficial or volumetric) in which

the force or displacement is applied within the elastic medium under study. If we assume
an infinitely short temporal pulse in an infinite elastic media, the bandwidth (BW) of the
generated wave will be upper limited by the spatial extent of the excitation area (A, defined
as de area diameter), and the relaxation of the stress across the same area (which occurs at
the shear wave speed cy) as:

BW < ¢ /A. (4.3)

Therefore, the smaller the excitation spatial extend is, the larger bandwidth can be achieved.
In addition, the spatial distribution of the sources has an effect on the type of mechanical
waves and the interaction between them within the sample.

4.2.1. Localized and wide sources—Localized sources tend to generate force/
displacement with a spot size diameter in the order of the sub-millimeters (see Figure

7a) in order to achieve higher localization of the wave and larger bandwidths, as explained
in Equation 4.3. Examples of localized motion sources are air-pulse (> 0.15 mm), ARF

(> 0.5 mm), AC-ARF (> 0.3 mm), laser-pulse (> 150 um), and displacement (> 2 mm)
stimulations. Typically, localized sources produce SAWSs in semi-infinite type tissues [132]
and Lamb waves in thin-plate and layered tissues [20, 133]; nevertheless, it is possible

Prog Biomed Eng (Bristol). Author manuscript; available in PMC 2023 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zvietcovich and Larin Page 21

to create shear waves with ARF when focusing deeper in the tissues [134, 135]. The
downside of this configuration is the imminent attenuation of the propagating wave as it
spreads cylindrically or spherically from the source within the sample [48]. On the other
hand, wide sources (see Figure 7b) can drive more displacement energy into the sample

by the cost of lower bandwidth (see Equation 4.3). Wide displacement sources have been
demonstrated to be instrumental in producing longitudinal shear waves propagating towards
depth (z-axis), as demonstrated in [76, 78]. Other excitation configurations have been used
in order to emphasize specific types of waves in tissues. For instance, sources with non-
symmetric stimulation areas such as lines were used in [23, 84] to create quasi-plane waves
reducing the attenuation caused by the wave geometrical spreading. On the other hand, using
orthogonal excitation of tissues with respect to the OCT beam direction can produce shear
waves rather than SAWs as demonstrated in [135].

4.2.2. Distributed sources—The distribution of more than one localized source in
tissues can generate wave interference patterns of use in wave-based OCE. For instance,
standing waves are generated in between two harmonic displacement sources vibrating at the
same frequency and producing propagating waves traveling towards each other [29]. In this
case, local wave speed can be found using wavelength estimators (more details in Section
6.4). Similarly, a crawling wave is a wave interference pattern formed when two waves with
different frequencies (with a frequency difference Aw) interfere against each other. As a
result, the crawling wave is formed and travels at a slower version of a shear wave. The
crawling wave speed (ccry) is related to the shear wave speed (¢ [29, 136] as:

Aw

W =261 Aw @4

The use of crawling waves can be beneficial when shear waves travel much faster than the
OCT acquisition system as it happens in stiffer tissues such as ocular sclera and tendons.
Then, Aw can be chosen to make crawling waves to travel at fractions of the shear wave
speed.

A special case of wave interference happens when more than two localized displacement
sources are used to generate harmonic excitation in tissues. It is called reverberant shear
wave fields and can be created in tissues for its elastic characterization. A reverberant or
diffuse field can be understood as the limiting case of the continuous harmonic interaction of
multiple mechanical waves traveling in a statistical distribution across all possible directions
[137]. Reverberant elastography was firstly proposed in USE [137, 138], and later extended
in wave-based OCE for the elastography of corneal tissues [65], also called Rev-OCE. Given
the zcomponent of a 2D reverberant particle velocity field V() (i.e. the time-derivative of
displacement) excited at wg angular frequency, its local complex autocorrelation along any
perpendicular direction to the z-axis (Ry,y (Ary) is given by [65]:

T JitkoAry)
Ry, (8r) = C |itkoAry) = o= 45)
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where C is a scalar amplitude constant; jy and /; are spherical Bessel functions of the first
kind of zero and first order, respectively; Ar, is the autocorrelation direction along the

x-axis; and kg is the local wavenumber such that ¢; = wg/kg. Then, assuming a linear, elastic,

locally uniform, and isotropic medium, the local shear wave speed ¢ can be estimated from
the local autocorrelation of a reverberant field by fitting Equation 4.5. Rev-OCE, leveraging
on the spatial distribution of various displacement sources, has demonstrated interesting
capabilities in the OCE of individual layers of composite tissues such as cornea using wg =
27t x 2000 rad/s excitation frequency [65].

4.3. Temporal shape

The temporal shape refers to the temporal characteristics of the force or displacement

that is applied to the target tissue. An elastic medium can be characterized by the time

in which a stress perturbation has completely relaxed after being produced by a temporal
impulsive load applied within a spatial region of area diameter A. This time, also called
stress relaxation time (zg), is related to the speed ¢, of shear waves (which is related to the

material’s shear modulus), excitation area diameter A by [139]:

TR~ A/CS . (4.6)

As shown in Figure 8a, a softer medium will have a larger zp compared to a stiffer
medium for the same excitation parameters (i.e., impulsive load, and A). Therefore, zp will
have an impact on the frequency content of the temporal excitation when it is transient,
quasi-harmonic/harmonic, and multifrequency.

4.3.1. Transient motion—In transient excitation, the burst of a single pulse is typically
used to produce a broadband wave. For a pulse with a burst duration 7pse, given the
relaxation time z of an elastic medium, the bandwidth of the excitation will be defined

by ~1/ Tpyise if Tpuise » Tm. On the other hand, if 7pse « T, then the bandwidth is

defined by ¢4 A as shown in Equation 4.3 (impulsive simulation). Therefore, in transient
excitation, the bandwidth of a generated wave within a tissue can be increased by primarily
reducing the diameter of the excitation area (A) and, subsequently, bursting pulses of smaller
duration 7pyse- Almost all wave-based OCE techniques make use of excitation sources in
transient mode since larger bandwidths allow for wave speed dispersion measurements that
are required for the characterization of Lamb waves and viscoelastic tissues. However, the
motion energy is distributed in the whole frequency spectrum, and its bandwidth will be
dependent not only on 7p . but on the z of the elastic material [80, 84], as shown in
Figure 8b. Then, the average frequency (7avg) Which defines the elastography resolution
(extended clarification in Section 6.5), tends to be smaller than 1/2 7pse (Figure 8b).

The most typical transient shape used in OCE is the square pulse. It is used in air-pulse
stimulation for the temporal release of compressed air, in ARF/AC-ARF for the modulation
of the acoustic MHz-range carrier signal, and in laser-based excitation for the triggering

of the pulsed laser. Other shapes such as a Gaussian pulse or a single sinusoidal tone are
typically used in contact displacement excitation methods.
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4.3.2. Harmonic and quasi-harmonic motion—Harmonic excitation is the limiting
case in which the transient perturbation is repeated along a large extend of time (» zg) with
a periodicity 2 Tpy1se- AS Opposed to a transient motion, the generated wave bandwidth is
narrow, and the motion energy is concentrated at an operational frequency (% = 1/2 Tpyise)-
The main advantage of this method is the possibility of raising the central excitation
frequency 7y of waves despite the limitations of zpas illustrated in Figures 8a and 8b. Here,
even when the relaxation time is greater than 1/ f;, harmonic oscillation can still be achieved.

Harmonic excitation has been typically used in wave-based OCE using magnetomotive
[121], and contact displacement [22, 29, 65, 76, 136] stimulation.

One interesting case in between transient and harmonic motion is the quasi-harmonic
excitation. Here, a limited number of cycles of the transient pulse are burst, as shown

in Figure 8c. Then, speed dispersion measurements (required for the characterization of
Lamb waves and viscoelastic tissues) can be obtained in a smaller bandwidth Afand still
concentrate most of the motion amplitude in 7 as shown in Figure 8d, despite of the

tp Of the medium. For instance, if V=5 cycles of a f = 1 kHz signal are burst, then,
the excitation bandwidth is given by A f ~ fo/N = 200 Hz. Then, the selection of N will

define the excitation bandwidth for a selected central frequency. Quasi-harmonic excitation
can be instrumental for the comparison of phase speed of mechanical waves in tissues

at the same frequencies. Comparing speeds at the same frequencies is fundamental for
monitoring tissue properties in longitudinal studies. Unlike the transient case, in which
group speed measurements are tied to the average frequency (7avg) of the spectrum which
changes between softer and stiffer media (see Figure 8b), quasi-harmonic excitation allows
the comparison of phase speed at the same frequency £, regardless of changes in the
elasticity of tissues (Figure 8d). Quasi-harmonic excitation has been implemented in contact
displacement methods [12, 22, 140], and AC-ARF stimulation [119].

4.3.3. Multifrequency motion—Multifrequency excitation can be produced when a
time signal contains frequency components encode along time (chirp signals) or by
summing up harmonics of different frequencies, as shown in Figure 8e. This type of
excitation can distribute the motion energy at a frequency range or specific frequency
points (Figure 8f) instead of the whole spectrum as in transient stimulation. It has been
applied using ARF [92], and contact displacement stimulation [25] for the wave dispersion
analysis in tissue-mimicking phantoms and corneal tissues, respectively. The advantage

of multifrequency excitation over quasi-harmonic is the ability to produce excitation at
multiple discrete frequencies or over a constrained bandwidth, and still produce stronger
displacement compared to transient excitation. However, this technique is restrictive to
some excitation methods that cannot handle arbitrary input signals such as air-pulse and
laser-pulse estimation. In Table 1, a comparative chart of all temporal excitation approaches
(transient, quasi-harmonic/harmonic, and multifrequency) in wave-based OCE is conducted
including advantages and disadvantages.
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5. Motion detection in OCE

In the previous sections, the different excitation methods that produce motion and wave
propagation in soft tissues were discussed. In this section, we are going to describe the
principal OCT implementations that allow the spatially resolved displacement measurement,
which is fundamental for the visualization, tracking, and speed estimation of mechanical
waves in the context of wave-based OCE.

5.1. Optical coherence tomography (OCT) for elastography

Two OCT implementations are the most common in wave-based OCE due to fast
acquisition, high motion sensitivity, and high phase stability required for the capturing of
fast propagating waves (ranging from 0.5 to 20 m/s [2, 8]) with submicron displacements:
spectral-domain OCT (SD-OCT), and swept-source OCT (SS-OCT) as shown in Figures 9a
and 9b, respectively. In both cases, the optical systems consist of a light source with a central
wavelength A that is divided into two beams: one going toward the sample ann (i.e., where
the tissue is located), and the other going to the reference ann (where a reflective minor is
located). In the SD-OCT system, the light source is broadband (i.e., it contains a spectral
bandwidth of AA centered at Ag). and the reflected light from both arms are collected back
and recombined (to produce interference) using a coupler. Then, the light is captured by a
spectrometer in order to measure the spectral interference fringes /4(k), where kis the linear
wave-number [141]. On the other hand, the SS-OCT system uses a swept-source laser as the
light source, which will sweep a narrowband light beam along the spectral bandwidth A4
centered at Ag. Then, the reflected light from both arms go through optical circulators and

is recombined using a coupler. At the end of the coupler, the intensity of the interfered light
is measured by a balanced photodetector to generate the spectral interference signal i4(4).
While in SD-OCT /4(K) is obtained instantly (k-wise) by the integration along the exposure
time at, in SS-OCT /4(K) is progressively obtained while the laser is swept.

In OCT, an A-line (/4(2)) represents the depth-dependent (along z-axis) information of

the sample at a particular lateral position xp. /4(2) is obtained from 74(4) by applying
background subtraction and the discrete Fourier Transform [141, 142], Then, the magnitude
of the complex-valued /4(2) (i.e. |1 4(z)||) represents the depth-dependent intensity of the

backscattered light coming from the different structures of the sample (e.g., tissue layers,
boundaries of structures, etc.). Then, in conjunction with a mechanical system (e.g., a
motorized stage, a piezoelectric actuator, or a galvanometer controlling a mirror) capable of
steering the light beam to other lateral positions along the x-axis, and an objective lens to
focus the light beam into the sample, 2D B-mode intensity images can be generated. In OCT,
the axial resolution is determined by half of the coherence length (/) which depends on the
properties of the light source (49, A4) as [141]:

e 21n(2) 402
2% AL G-1)

which is typically in the micrometer scale (2 um - 15 pm). The lateral resolution depends
on the numerical aperture of the objective lens and A of the light source. Both axial
and lateral resolution will define the OCT system capabilities in generating highly detailed
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B-mode structural images of tissues. Moreover, the selection of the central wavelength will
affect the effective axial imaging penetration of OCT as tissues will absorb and scatter
more or less light depending on its components. For instance, wavelengths around 850 nm
to 1050 nm are chosen for ocular tissues to balance light scattering by tissues and water
absorption band in order to maximize penetration depth [28]. Finally, in wave-based OCE,
OCT systems are not only used to produce B-mode images of tissues but, more impotently,
for the measurement of displacement generated by excitation sources that will be explained
in the next sub-section.

Motion measurements

In the early development of OCE, speckle tracking technique has been utilized for the
vectorial displacement calculation accomplished by digital image correlation within a multi-
pixel kernel in a sequence of B-mode structural images (|| 4(z)||) [4, 143, 144]. One

major advantage of this technique is the possibility of measuring lateral- and depth-wise
displacement, which is instrumental for the full characterization of mechanical waves

when traveling in different directions. However, speckle tracking and its variants usually
require large displacements, which may represent a challenge for the safety of delicate
tissues (e.g. ocular tunic). Due to the coherent wave superposition nature of speckle
tracking, it cannot detect displacements beyond fractions of the OCT speckle size producing
speckle decorrelation and, in consequence, low SNR estimates of tissue displacement [145].
Therefore, the speckle tracking technique has not been used extensively for the measurement
of wave propagation.

In the context of wave-based OCE, phase-sensitive OCT (PhS-OCT) has been the
predominant method for motion detection [2, 8]. Unlike speckle tracking that uses only
intensity information, this method leverages the phase extracted from OCT complex-valued
A-lines: Arg(1 4(z)) = ¢(z). Then, in a medium with refractive index 7, for a set of A-lines
collected along time in the same lateral position xg, the phase difference between two
consecutive A-lines A¢(z) = ¢(z, 1) — ¢(z, ty), for consecutive time points £, and #;(z; > tg), IS

related to the axial differential displacement u,(2) as [87, 146]:

Ao
uy(z) = A¢(Z)m . (5.2)

PhS-OCT is ultrasensitive for displacement detection (sub-nanometer level); however, it is
only measured along the axial direction (i.e., z-axis) and is vulnerable to various sources

of phase noise. The minimum phase difference that PhS-OCT can measure is given by
1/{/SNR, which is valid for a range of 20 to 50 dB of typical OCT SNRs [147]. This

effect is mainly produced by the shot-noise assuming a high SNR. In SS-OCT, the phase
stability of PhS-OCT suffers from the desynchronization produced by the fluctuation of the
swiping laser, also called Jitter noise. Two techniques were proposed in order to overcome
Jitter based on optical frequency referencing: a A-trigger using a fiber Bragg grating (FBG)
[148], and the use of a k-clock generated using a Mach-Zehnder interferometer (MZI).

On the other hand, the phase fluctuations produced between the reference arm and the
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sample arm introduces another source of noise affecting the phase in both SS-OCT and
SD-OCT systems. In order to compensate for this noise, the common-path technique has
been implemented with great success in SD-OCT [149], and SS-OCT [14].

When a mechanical wave travels laterally (x-axis) in a medium (e.g., SAWS, shear, and lab
waves), the particles of such medium at a given constant position xg in space will vibrate
with a particular axial velocity v,(2) along time. Then, it is more appropriate to represent the
particle velocity of a wave in terms of phase change between consecutive A-lines as [150]:

Ao
0:(2) = AG(D) e, 63
N

where 7;is the time sampling resolution (i.e. # — ). However, in reality, A¢(z) is related

to the change of optical path length (OPL) assuming the same refractive index n. Then,

if the medium under analysis have layers with different refractive indices towards depth,
vA2) will accumulate apparent motions coming from the interfaces between those layers that
produce refractive index mismatch. A compensation mechanism contemplating two different
refractive media (/; and %) was proposed to generate the true phase change 4¢r(z) as [2,

140]:
Apr(z) = Ad(z) + (Z—f - 1) Ad(s1). 5.4)

where m and r, are the refractive indices from the air (between the OCT probe and the
sample), and sample medium, respectively. A¢(s;) is the phase change produced by the
motion at the surface s; of the sample (between mediums 7 and ). Equation 5.4 is widely
used in wave-based OCE since, in the majority of cases, the coupling medium between the
OCT probe and the tissue under analysis is air. Then, typical refractive indices for tissue (/%
~ 1.4), and air (/; ~ 1) produce non-trivial distortions artifact in the order of 0.4 A¢(s;).

Equation 5.4 can be extended for more complex cases of three or more layers with different
refractive indices. For instance, in ophthalmology, the elastography of crystalline lens will
require the OCT beam to go through air, cornea, and aqueous humor before reaching lens
tissue. On the other hand, when a glass coverslip is used in between the OCT probe and the
tissue to generate vibrations and wave propagation [76, 78], the OCT bean needs to travel
through air (). glass (1), and tissue (i) with different refractive indices. Then, the true
phase difference ¢7(2) within the tissue for a general three-layer case is proposed as [76]:

Apr(z) = Ap(2) + (Z—j - 1) Ap(s) + (Z—j - Z—j) Ad(sy). 55)

where 4¢(s1), and A¢(s;) are the phase differences produced by motion at the boundaries
between m — m, and 1, — i interfaces, respectively. Finally, PhS-OCT motion can also
suffer from unwrapping problems when 4A¢(z) is greater than . Even when unwrapping
algorithms can be used to compensate for this effect, they are very sensitive to noise and
could reach a limit in which the speckle decorrelation is present [145].
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Finally, some hybrid methods, such as Doppler variance [151, 152], uses the magnitude
(1 a(2)|)) and phase (Arg(/4(2))) information of complex A-lines for the detection of motion

along axial and lateral axes. This method overcomes the problem of PhS-OCT in measuring
motion only along the zaxis. In the context of wave-based OCE, Doppler variance has been
instrumental for the tracking of shear waves [134, 135, 153], and longitudinal shear waves
[77], when the main particle velocity direction produced by these waves is not aligned along
the zaxis. The limitation of this technique relies on the need for large displacements in order
to detect reliable motion information.

5.3. Phase estimators

There are different methods for the estimation of A¢(z) from a set of complex A-lines
14(z,1) along time. Considering the complex exponential form of two consecutive A-lines:
T 4(z,19) = |1 Az, t0)||ei¢(z’ 0 and T4(z, 1)) = ||IA(z,t1)||ei¢(z’t1), where 4 > ty; then, the most
direct estimation of A¢(z) = ¢(z. 1) — ¢(z, ) can be achieved by:

Im(1 4(z, 1)1 o(2, 19)")

A¢(z) = arctan —
Re(14(z, 1)1 a(z,19)")

(5.6)

where Im( - ) and Re( - ) are imaginary- and real- part operators, and /* is the complex
conjugated version of /. Equation 5.6 is very sensitive to noise, and more robust methods

are needed for the phase difference retrieval. Loupas’ algorithm has been used in USE [154,
155], and, lately, it has been applied in wave-based OCE [29, 65, 76]. Loupas’ approach
increases the SNR and stability of the phase difference estimation by leveraging on the depth
information of two consecutive A-lines as [156]:

Ag(zp)
M = O 1) E (2 11) = T (2, 10)Q (2 11)]
arctan | —5—
_ Ym =0 Uz, ) 1(Zp, 11) + O(Zp, 10)0 2y 11)] (5.7)
S G Eh = 010G ) Ty 4 1 tn) = TGy 1) O 4 1.1)]
1 +arctan | ——— 12m
Zm =0 Zl’l = 0 I(zps 011 (zpy 4 1. 10) + O(Zp 1) O (Zpy + 1, )]

where z,is the mt element towards the depth, 11(z,1) = Re(I4(z,1)), and
0(z,t) = Im(I 4(z, 1)), and M is the size of the window in the axial direction centered at

Zy in which the phase estimation is performed. M size can be chosen to be 2% of the depth
size for a good trade-off between SNR improvement and displacement axial resolution.

5.4. Acquisition protocols

In the previous sections, we review the main OCT implementations and motion estimation
methods used for detecting waves in OCE. In this section, we will review the main
acquisition protocols for the measurement of spatial motion distribution along cross-sections
(2D), and volumes (3D) along time. The total acquisition speed will be determined by the
number of A-lines acquired in space and time to capture wave propagation with enough
resolution. The choice of the acquisition protocol will depend on the wave characteristics,
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the A-line rate of the OCT system, and the spatial requirements for the measurement of
wave speed.

5.4.1. M-mode acquisition—The M-mode refers to the “motion,” and it consists in the
repetitive acquisition of A-lines along time for a static lateral position xg as shown in Figure
10a. Then, the time taken by the OCT system to acquire two consecutive A-lines is called
time resolution (75 and is related to the A-line rate as 1/ 7, Since A-lines provide 1D depth-
dependent information, M-mode has been used to track the propagation of waves traveling
along the z-axis, such as longitudinal shear waves [78-80, 157, 158]. Then, space-time (z—
5 maps can be generated for the subsequent depth-dependent speed estimation (Figure 10a).
Different criteria are used to select the appropriate 7in order to detect the wave. First, the
Nyquist sampling theorem set a maximum 7to be at least 0.5 times smaller than the inverse
of the main frequency component 1/7 of the mechanical excitation as shown in the temporal
axis of Figure 10b. In practice, 10T < 1/ fo will ensure an appropriate sample of the wave

along time. For instance, a fj = 2 kHz wave will require 75,< 50 ps. Secondly, 7;controls
the sampling of the spatio-temporal propagation of the mechanical wave. Then, as shown

in Figure 10b, during the time step 7, the wave has propagated a distance A, along depth
controlled by the wave speed ¢, The calculation of local wave speed is constrained to the
minimum measurable spatio-temporal propagation defined by A,— 7;which will have an
impact in the elastograpy resolution of the OCE technique: the smaller A, the higher spatial
OCE resolution is possible when not limited by the characteristic wavelength. For instance,
if the propagation along depth is 2 mm, a ¢;=5 m/s wave will take 0.4 ms. If we choose
A~=100 pm (20 positions along 2 mm), then Ty = A /¢, = 20 ps, Which is equivalent to a

50 kHz A-line rate OCT system. Typical wave-based OCE implementations cover [10 — 70]
kHz using SD-OCT, and from [20 — 200] kHz in SS-OCT. Currently, the implementation of
super-fast swept-sources, OCE at A-line rates in the order of ~1.6 MHz were demonstrated
in [159, 160].

5.4.2. M-B acquisition—In typical OCE implementation, the localized excitation source
produces the spatio-temporal propagation of a mechanical wave within a tissue sample
(Figure 11a). Ideally, if a snapshot of the propagation process is taken at the instant £ along
the xz-plane. the acquired spatial frame will completely characterize the wave shape as in
Figure 11b. Moreover, the temporal propagation process can be analyzed along the lateral
extent (x-axis) to generate xtmaps containing information of the wave speed (Figure 11c).
These will require the simultaneous acquisition of 2D/3D spatial motion for a single instant
I. However, in typical OCT implementations, the laser beam is steered along the x-axis in
order to acquire 2D frames as a collection of A-lines (acquired at 1/ 7 rate) across different
lateral locations. Therefore, the simultaneous acquisition of a single spatial frame with a
frame rate equal to the A-line rate (= 1/7) is not possible.

In this context, the M-B acquisition consists in the synchronized motion excitation and
M-mode acquisition for each lateral position along the x-axis in order to capture wave

propagation within a 2D space with an apparent frame rate of fi = 1/T,. For instance, using
an OCT system with 7,= 50 ps, M= 200 A-lines along time (73 x M= 10 ms) in each
lateral position x are acquired, covering a lateral field of view of 5 mm using 250 locations
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(lateral step of xs~20 pm) as shown in Figure 11d. Then, 250 depth-time (z— 7 frames are
obtained and can be rearranged into a 3D matrix of 200 z— x spatial frames distributed along

time (10 ms) as shown in Figure 11e, providing the apparent frame rate of fi = 1/(50 ps) =
20 kHz.

This technique has been early implemented in wave-based OCE [95, 140] for the tracking
of wave propagation along 2D z— x cross-sections, and it has been demonstrated to reach
apparent frame rates up to 100 kHz [14]. Since them, M-B mode became one of the most
used techniques in wave-based OCE for the study of a high variety of tissues [2, 6, 8]. The
downside of this technique is the repeated excitation of tissues as many times as lateral
positions are measured, which can be problematic for delicate tissues such as the cornea [8].
Moreover, the main assumption of the M-B mode protocol is that the tissue is not changing
its positions and properties while being measured at every lateral position. For the example
given previously, the total acquisition time is calculated as 7,x Mx 250 =25, and, in
clinical /n vivo cases, any tissue movement will break that assumption and introduce errors.
When waves are propagating laterally, M-B mode technique assumes waves are traveling
parallel to the xz-plane which is not always true as tissues can be anisotropic and guided at
the surface. Then, M-B mode has been extended for the 3D detection of wave propagation
by adding the y~axis for the point-wise M-mode acquisition [65, 161, 162], which has been
instrumental for the study of tissue anisotropy [61, 62]. Finally, the M-B mode for 3D
studies is impractical for clinical applications due to the extended measurement time in the
order of minutes.

5.4.3. B-M acquisition—The B-M mode consists in the repetitive B-mode acquisition
of frames along time. Unlike the M-B mode, A-lines are collected laterally along the x-axis
in order to form a single quasi-instantaneous B-mode frame as shown in Figure 11f. Then,
this process is repeated as many times as samples along time are required to track a wave
produced by a single stimulation push. The implementation of B-M acquisition has been
possible due to recent improvements in the speed of swept-sources, reaching A-line rates of
~1.5 MHz [84, 159] using Fourier domain mode-locked (FDML) technology. Then, using a
SS-OCT with a 75=0.66 ps, for a lateral scan of 5 mm sampled along 100 positions (lateral
step of xs~50 pm), a single spatial motion frame is acquired in during a time Af= 1007 =
66 ps (Figure 11f). Then, M spatial z— x frames distributed along time with a frame rate

of ;= 1/At~ 15.2 kHz are obtained as shown in Figure 11g. Then, the B-M mode allows
for the single excitation of waves with frequency content smaller than 7/2. Examples of
B-M acquisition have been applied for clinically relevant cases such as the cross-sectional
(2D-spatial + 1D-temporal) elastography of cornea with a total acquisition time of a few
ms [26, 159, 160]. B-M mode has been also extended for the volumetric (3D-spatial +
1D-temporal) elastography in which wave propagation is observed along en face planes for
the OCE of the cornea [84] with total acquisition time ~100 ms.

B-M acquisition is also possible with OCT implementations with typical A-line rates (10
kHz — 200 kHz) by creating a low-speed version of shear waves, also called crawling
waves (see Section 4.2.2), to reduce the acquisition speed requirement. Crawling waves
were proposed initially in USE [163, 164] using two continuous vibration sources with a
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frequency difference of Afin order to overcome the problem of low acquisition frame rates
ranging 0.24 — 1.06 kHz. Later on, crawling waves were implemented in wave-based OCE
for the B-M mode acquisition at a frame rate of 5 Hz, using a SS-OCT system of 7,=

50 ps for the tracking of 400 Hz harmonic crawling waves traveling at ~2000 times slower
than shear wave speed [29, 136]. With this methodology, the temporal Nyquist sampling
requirement is still achieved even using a SS-OCT with A-line rates in the order of kilohertz.

Other scanning protocols such as line-field OCT [165, 166] and full-field OCT [167, 168]
have demonstrated to instantaneously acquire superficial lateral and en face displacement
fields with temporal frame rates ~200 kHz, and ~6.66 Hz, respectively. These methods

are instrumental for tracking SAWSs at the surface of samples; however, it becomes more
difficult when the measurement of wave dynamics along depth is desired. Finally, hybrid
methods combining M-B and B-M modes with full-field digital holography [169], and the
parallel acquisition using different channels [170] has demonstrated to acquire simultaneous
displacements locations by sacrificing acquisition speed.

6. Elastography estimators

In Section 2, we have discussed the relationship between shear wave speed (including wave
attenuation) and viscoelastic properties of isotropic and anisotropic tissues including shear
and Young’s moduli. Then, this relationship was extended for other wave branches such as
SAWs and Lamb waves (Section 3). In Figure 12, we summarized the typical mechanical
waves and wave interferences found in wave-based OCE according to the spatio-temporal
properties of the excitation method, and boundary conditions of tissues. After the type

of wave propagating in tissues has been identified, the goal of elastography estimators is

to provide accurate estimates of group speed, phase speed, speed dispersion and/or wave
attenuation so that these parameters can be used to calculate shear and Young’s moduli.
Frequently, in many OCE studies, this last step is left undone and only wave speeds are
reported due to the difficulties in identifying the actual type of wave propagating on the
tissue sample, and the lack of knowledge on the elastic model of the tissue (e.g. type

of rheological viscoelatic model, or if the tissue is anisotropic, etc). In this section, we

are going to discuss the principal elastography estimators including time-of-flight, Fourier-
based, attenuation, and wavelength type estimators. Finally, the definition of elastography
resolution is wave-based OCE is reviewed in the last subsection.

6.1. Time-of-flight estimators

Tracking the propagation of a wave along space and time is the most common method in
wave-based OCE when transient excitation is used. Theoretically, the group velocity governs
the propagation speed of the wave packet composed of multiple frequencies w within a
defined bandwidth Aw as shown in Figure 8b. Then, the group velocity (c) is defined as
[19]:

d
(@) = 57 (61)
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where f(w) = w/cpp(w), and ¢, p(w) is the frequency-dependent phase velocity. The definition

of speed for shear waves in Section 2, and other mechanical waves (e.g. SAW, and Lamb
waves) in Section 3 refers to the phase velocity. Then, when the phase velocity is constant
with respect to frequency (i.e. non-dispersive), from Equation 6.1 we have that c,(w) = cpp,

which is the case of shear waves traveling in elastic and infinite materials. For shear

and SAWs traveling in viscoelastic tissues, or Lamb waves traveling in elastic media,
dcg(w)/ dw # 0 (i.€. the speed is dispersive), and cy(w) # c,p(w). Then cy(w) will be related
to the frequency content Aw of the wave packet. The local group speed of a transient wave
packet can be estimated by measuring the travel distance of its main peak (Ax) along a
period of time Atas:

Ax
cg(@o) = 27 (6.2)

where ay is assumed to be closer to the center of the frequency bandwidth of the wave
packet. This estimator is also known as the time-of-flight and it has been extensively used in
wave-based OCE [20, 78, 87, 93]. The size of Axwill determine how localized the speed is
measured along space and it will limit the elastography resolution. As explained in Section
5, the characteristics of the selected OCT system, and the motion acquisition protocol will
ultimately define the lower limits of Axand Az such that Ax> x,, and At> T, Typically,
the selection of a larger Axwill allow for more spatial and temporal samples of the peak
propagation such that a least-squares approached can be used to estimate the local speed
with higher accuracy. Then, for spatial locations p(n) = [x1, X, X3, ..., X,] of the wave peak
measured at the instants g(n) = [4, b, &, ..., t,], within a distance Ax with wnumber of
samples, the group speed can be calculated as [29]:

(Y= 1 pilm)gi(m)] — wp(n)q(n)
cglap) = " 5 s (6.3)
[Yi=1 a(n)] —wqn)

where qn) = — 34 1 gin), p(m) = T4 1 piln).

Fourier estimators

In the previous section, the time-of-flight technique is limited to the estimation of group
velocity corresponding to the central frequency of the wave packet bandwidth since the
calculation is performed in the spatio-temporal domain. However, the Fourier analysis of
the wave propagation allows for the frequency-dependent estimation of phase velocity with
great importance not only for the characterization of viscoelastic tissues (as discussed in
Section 2.2) but for the correct estimation of elastic properties in thin-plate type tissues
where the frequency-dispersive Lamb wave is the prominent perturbation (see Section 3.4).
Following Equation 5.3, the spatio-temporal propagation of a transverse mechanical wave
traveling along the x-axis can be represented by the particle velocity field v{x, 7. Then,
VA X, §) can be converted into the spectral domain by applying the 2D Fourier transform as:

Vz(k7 C()) = 32D{Uz(x’ I)}’ (64)
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where kis the wavenumber, and w is the angular frequency. In the k- w map, for every

ay, the wavenumber Apgak( @) with the highest magnitude can be found using peak detection
methods. Then, the frequency-dependent wave number can then be converted into phase
speed using the wave equation solution as:

w

kpeak(®) 65)

Cph(w) =

Fourier estimators have been used in wave-based OCE for the viscoelastic characterization
of tissues using shear/SAWSs [48, 161, 171], and Lamb waves [20, 21, 23, 25, 98, 133, 162].

6.3. Wave attenuation estimators

The attenuation of mechanical waves a(w) is produced by the energy loss of such waves
when they propagate through viscoelastic tissues. As explained in Section 2.2, for the case
of pure transversal waves, a(w) is connected to the shear storage and loss moduli and
represents the imaginary part of the complex wavenumber k(w) (Equation 2.6). Therefore,
wave attenuation can provide important information about the viscoelastic properties of
tissues. In the far-field (r» 0), the asymptotic approximation of amplitude decay A(/) of a
mechanical wave when propagating radially along rcan be modeled as [47]:

A(F) = AO#e—a(w»rL 65)
14

where Ay is the initial wave amplitude. In Equation 6.6, the amplitude decay is produced
by two effects: geometrical spreading, and loss produced by viscoelastic materials. The
geometrical spreading term is represented by the 1/|4” term, where /m = 0 for plane waves,
m=1/2 for cylindrical waves, and /77 = 1 spherical waves. The e~*@l represents the decay
caused by the viscoelastic attenuation a(w) which is the parameter of interest.

In wave-based OCE, A(7) is usually calculated by tracking the peak of the wave packet
along rin the far-field (~A away from the displacement origin) obtaining Apeak(). Making
a first-order Taylor approximation of a(w) around the central frequency of the wave packet
awy, We obtain a(w) =~ ajwg [172]. Then Apeak(7) can be fitted to Equation 6.6 with the
appropriate section of /m, in order to find a;. Wave attenuation was used to estimate
viscoelastic properties in the far-field using USE [36, 47, 173], and wave-based OCE [25,
50, 174]. Nevertheless, in many cases, the excitation source tends to be within the field of
view in wave-based OCE [61, 119, 175] which leads to the near-field propagation. In this
case, more sophisticated models combining the Fourier approach were proposed to estimate
attenuation closer to the excitation region [44, 48].

6.4. Wavenumber estimators

These estimators are devoted to the localized 1D/2D calculation of wavenumber k< when
harmonic and quasi-harmonic waves at a frequency «y are propagated in tissues. Then,
using the wave equation solution ¢ = wy/k the local wave speed can be estimated. In
wave-based OCE, speed maps are also called electrograms; however, if the appropriate
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elasticity model (Section 2) and wave type (Section 3) are chosen, then elastic/viscoelastic
properties of tissue, such as shear or Young’s moduli, can also be provided in a map format.

6.4.1. Phase-Derivative method—The phase-derivative method [29, 136] leverages
the complex-valued spatial particle velocity field v,%?X(x, 2) when the mechanical wave
travels along any direction within the xz-plane. At a particular spatial location, v,%P(x, 2)
is obtained by (1) calculating the Fourier transform along the temporal dimension resulting
in VAx, z w), and (2) evaluating the transformed signal at the excitation frequency wy:
v,5PX(x, 2) = VAx, Z, ax). Then, the complex-valued particle velocity can be expressed in
term of magnitude, A(x, 2), and phase, &(x, 2), as V,5?X(x, 2) = A(x, 2¢@%2. Within a
small region of interest (ROI) of LxL mm? centered at (X, Z). orthogonal wave numbers
corresponding to the propagation directions x, and z can be calculated based on the spatial
derivate of phase as:

00(x, zp)

k(0 20) = =5, (6.72)
90(x, 2)

k(X0 20) = a—g' (6.7b)

Then, the equivalent 2D spatial phase speed (¢, p) of the mechanical wave at the central
frequency ay is found using:

@

e plap) = \/kkayz . (6.8)

The phase-derivative method allows for the generation of phase speed maps with great
definition capable of detecting elasticity gradients such as the cornea-sclera interface
[22], the boundary between treated and untreated cornea [119], and heterogeneous tissue-
mimicking phantoms [29, 119].

6.4.2. Auto-correlation method—In wave-based OCE, different approaches using
harmonic active and passive noise sources make use of the auto-correlation in order to

map the local wavenumber k of tissues. For instance, reverberant fields are produced by

the multiple interferences of waves traveling at different directions when active harmonic
displacement sources are activated at a frequency «wy at various locations within the target
tissue (see Section 4.2.2). Within a ROI along the xy~plane, the complex reverberant particle
velocity field v,%PX(x, J) = V{x, ¥; ay) can be obtained using the Fourier transform
evaluated at wy. Then, the magnitude of the complex auto-correlation v,%?X(x, y) can

be fitted to Equation 4.5 for the estimation of the local wave number & [65, 137], and
ultimately, local phase speed using “p/ax) = w)ol k. Reverberant OCE has demonstrated

to achieved higher resolution in the characterization of layered media such as cornea

with unprecedented contrast compared to time-of-flight methods when distributed harmonic
displacement sources are vibrating at w(, = 27z x 2000 rad/s [65]. However, the need of
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multiple sources represents a difficult challenge for the translation of this technique into
clinical ophthalmic applications.

Another OCE approach leveraging the autocorrelation of motion fields is passive
elastography. This technique consists in the correlation analysis of noise-like broadband
motion signals to estimate the mechanical properties of tissues. Firstly applied in USE [126],
it was then extended to wave-based OCE. Being uA{r, w) and e{r , ) the displacement
and strain (i.e. the spatial derivative of displacement along the zaxis) fields along the 3D
space 7 within a ROI, then the local wavenmnber at the center of the ROI k(7 ) can be

estimated as [127]:

—

Ry u, (10, 10)

= (6.9)
Re e, (r 0. 70)

where RuZuZ(A7, Af) and szez(A7’ Ar) are the spatio-temporal autocorrelations of u,(7, »)

and £,(7, w), respectively, evaluated at the center of the ROl A7 = 7, and at time
At =ty = 0. Passive elastography has been also applied with optical holography [169]

and it claims to achieve super-resolution only limited by the imaging resolution of the
system [131]. However, the conversion of (7 ) (Equation 6.9) into phase speed using

cph = wo/k(F o) is not straight forward since the motion produced by noise-type signals tends
to have a broad spectrum and a reliable ay is difficult to choose.

Elastography resolution

The elastography resolution in wave-based OCE refers to the minimum spatial size in
which an elasticity gradient (e.g. a stiff inclusion in a softer background) can be detected
with accurate quantitative contrast. As demonstrated by Kirby et al. [27], spatial OCE
resolution is primarily defined by the spatial pulse width of the mechanical propagating
wave when using transient excitation. Equivalently, in harmonic excitation, the mechanical
wavelength is the main parameter that defines elastography resolution [29]. In addition, OCE
resolution can be also limited by the spatio-temporal sampling of the OCT implementation,
and the assmnptions of the chosen wave propagation model [27], A practical assessment

of resolution along a determined spatial r~axis consists in: (1) the preparation of an elastic
medium with a step change of elasticity along 7 (i.g. softer-to-stiffer transition) with known
Young’s or shear moduli in both regions (e.9. udys.paier) @S Shown in Figure 13a-top; (2)

the propagation of a mechanical wave (transient or harmonic) along , motion measurement
using an OCT implementation, and the calculation of the wave speed transition along r
(Figure 13a-bottom); and (3) the fitting of the speed transition plot with a Sigmoid function
(Figure 13b) described as:

1
c(r) = csoft + (Cstiff — Csoft) . (6.10)

where ¢oft, and ¢ are the speeds of the mechanical wave in the soft and stiff material
regions, respectively, measured farther away from the softer-to-stiffer transition location 7.
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represents the width of the transition centered at 7. Then, the spatial distance from 20% to
80% of the transition step can be defined by the 20%-80% resolution (Rggq) represented by
[176]:

Rypg0 = 2In(4)7. (6.11)

Another way to characterize the transition width is the application of spatial derivative

of Equation 6.10 and the evaluation of the full-width half-maximum (FWHM) spreading

of the pulse as shown in Figure 13b. As demonstrated in OCE [27], and USE [176], the
smaller the pulse width or wavelength of the mechanical wave is, the better OCE resolution
(i.e. smaller R»qgp) will be achieved. In wave-based OCE, the OCT imaging resolution

is typically greater than the elastography resolution; therefore, the spatio-temporal nature
of the mechanical wave, defined by its spectral bandwidth BW in transient waves or the
central frequency £ of quasi-harmonic/harmonic waves (Section 4.3), and the tissue elastic
properties (i.e. tissue relaxation time ~ 1/¢y), constitutes the main factor in defining the
elastography resolution.

Even though R,ggq can provide a practical measurement of OCE resolution along the r-axis.
Equation 6.10 assumes a symmetrical transition from softer to the stiffer regions which may
not be the case for a higher elastic contrast media. In [27], separate Sigmoid functions are
fitted in each side of the transition for a more accurate resolution estimation. Elastography
resolution in wave-based OCE has been measured laterally (x-axis) by propagating SAWs
or Lamb waves [27, 29, 119], and axially (z-axis) by propagating shear or longitudinal
shear waves [65, 76]. The presence of other mechanical wave branches generated at the
boundaries between the softer and stiffer regions of the elastic medium (e.g. shear. Love and
Stoneley waves, and back-reflected SAW and Lamb waves) can diminish the effectivity of
speed estimators and, consequently, affect the OCE resolution. The use of directional filters
has been demonstrated to improve this situation with a low compromise in resolution using
typical OCE implementations [177, 178].

7. Techniques and applications

In this section, we are going to review the 10-year progress of wave-based OCE initiated
with the study of tissue-mimicking phantoms for the proof of concept of novel OCE
methodologies and followed by applications including the elastography of tissues in ex vivo
conditions, the development of /n vivo pre-clinical studies and, culminating with the /in vivo
clinical translation cases.

Phantoms

Elastography studies are often conducted in tissue-mimicking phantoms for the proof

of concept of novel implementations of OCE methodologies and their feasibility in the
elastography of tissues. In the first wave-based OCE seminal paper in the year 2010, Liang
and Boppart [15] measured the propagation speed of surface waves in silicon-based tissue-
mimicking phantoms of different stiffnesses produced by a contact harmonic stimulation
when vibrated at different driving frequencies (50 Hz — 500 Hz). This work implemented
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the first M-B mode acquisition using an SD-OCT system and provided average wave speeds
corresponding to the whole sample. Even though this very first implementation only covered
6 locations along the lateral extent of the sample, the frequency-dependent speed estimations
enabled the calculation of Young’s modulus of human skin at different sites (volar and
dorsal forearm and palm) and conditions (normal, dehydrated, and hydrated). Later on, the
early development wave-based OCE started [87, 93, 167, 179-183] with great improvements
in the M-B mode acquisition using SS-OCT [93, 180] and SD-OCT [87, 95], allowing the
2D spatial motion measurements of wave propagation in soft phantoms, and, later on, in
tissues.

As explained in Section 4, the development of excitation sources capable of producing
wave propagation was one of the major research branches in wave-based OCE. Contact
displacement methods were one of the first in being explored in phantoms and tissues [15,
182, 183] due to its easy implementation with electromechanical shakers and piezoelectric
actuators borrowed from previous development in USE and MRE. Later on, displacement
methods were studied in more complex scenarios in order to produce mechanical wave
interference patterns using one or more contact sources [29, 65, 136] and the generation
of longitudinal shear waves [76—78] for the elastography of tissues in 2D. Laser-induced
excitation was firstly proposed in [112]. It demonstrated the possibility of generating
transient Lamb wave propagation in the cornea using a solid-state Nd: YAG laser with

530 nm central wavelength producing a 6 ns pulsed excitation. Then, this technology was
further explored in comparison with ultrasonic excitation techniques [114] and analyzed
in thermoelastic and ablative regimes depending on the photothermal absorption of the
sample and laser pulse energy for its safe application in the elastography of tissues [111].
Recently, laser excitation interaction with dye-loaded perfluorocarbon nanodroplets allowed
the generation of high-frequency longitudinal shear waves propagating towards depth in
phantoms [79, 158, 184], Magnetomotive-based harmonic excitation of mechanical waves
(ranging from 300 — 700 Hz) was first demonstrated in [121] for the 2D elastography

of heterogeneous and viscoelastic phantoms and some preliminary ex vivo tissues. Later
on, this technique was explored in combination with thermotherapy dosimetry [122, 123].
ARF excitation was initially developed in USE and borrowed by wave-based OCE for

the excitation of waves in phantom studies using single element [48, 92, 135], and phase
array transducers [90, 91]. Then, ARF was used for the elastography of tissues in different
applications [34, 153, 175, 185]. Air-pulse stimulation for the generation of short-duration
and low-pressure waves was proposed in [94] as a pilot study in phantoms, and later

on, it was applied for the elastography of ocular [20, 26, 62, 95-101], and other tissues
[13, 102-107]. Finally, AC-ARF was proposed in [115] and explored in phantom studies,
demonstrating the generation of non-contact (coupled with air), broadband, and localized
stimulation of mechanical waves. Later on, this technique was applied for the wave-based
OCE of ocular tissues using cylindrically focused [84], spherically focused [117], and
confocal [119] ultrasonic transducers.

Phantom studies are fundamental for testing novel elastography estimators. As discussed
in Section 6, wave-based OCE has been proposed for the elastography of homogeneous
viscoelastic [44, 48, 50, 171], and heterogeneous phantoms [29, 76, 77, 87, 127, 136, 161].
For instance, in [161], group (cy(«wp)) and phase (cpw)) velocity of a transient Rayleigh
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wave are analyzed in four dimensions (3D along space, and 1D along frequency) when ARF
excitation is produce in a bi-layer heterogeneous phantom, as shown in Figure 14. Here, a
Fourier estimator (Section 6.2) is used to reconstruct the local shear wave speed associated
with a specific frequency band using the 3D Fourier transform. This estimator is capable of
differentiating the softer (3% gelatine) from the stiffer (8% gelatine) phantom regions in 3D
and provide frequency-dependent and localized phase speed cpi(X, ¥, Z, w), fundamental for
the viscoelastic characterization of tissues. Finally, phantom studies are also instrumental for
the elastography resolution characterization of wave-based OCE techniques as demonstrated
when mechanical waves travel along axial (z-axis) [65, 76], and lateral (x-axis) [27, 29, 131]
directions.

7.2. Tissues ex vivo

In wave-based OCE, ex vivo studies are conducted for the feasibility analysis of

OCE methodologies in a specific type of tissue. In this highly controlled environment
complex studies of tissue biomechanics, including viscoelasticity, elastic anisotropy, and
non-linearity, are also possible due to the low perturbation of other noise-type displacement
sources. Ex vivo studies have been instrumental for the understanding of basic science
questions related to tissue physiology and pre-clinical applications, such as the study of the
effect of diseases and treatments in the mechanical properties of tissues. The most explored
application is, undoubtedly, the study of ocular tissues as demonstrated by the 10-year
progress of wave-based OCE [8], followed by other tissues, including skin, muscle, brain,
and cartilage, which will be discussed in the following subsections.

7.2.1. Ocular tissues—The imaging of ocular tissues has always been the main
application of OCT due to its higher imaging resolution, low light scattering (e.g., cornea
and crystalline lens), and non-contact nature. Following the historical precedent, wave-based
OCE has advanced the knowledge of ocular biomechanics covering different tissues such as
the cornea, sclera, crystalline lens, and retina. The cornea is one of the most critical parts of
the eye since it is responsible for almost two-thirds of the eye’s total refractive power [186].
The cornea is a highly organized tissue that contains at least 5 layers (layered-medium), it

is viscoelastic, anisotropic, and non-linear. Several wave-based OCE methodologies using
different excitation sources, acquisition protocols, and processing estimators have been
applied to the study of the different corneal properties. For instance, the estimation of
elasticity of individual corneal layers was achieved by tracking the Lamb wave speed [20]
and analyzing reverberant shear wave fields [65] at each depth location from the corneal
epithelium to the endothelium. In Figure 15, the use of reverberant fields for the elasticity
characterization of layers in ex vivo porcine cornea is shown. Here, an SD-OCT was used

to obtain 3D structural and motion (particle velocity) spatio-temporal volumes (Figure 15a)
when the cornea was stimulated with eight contact-type harmonic actuators vibrating at w =
27t x 2000 rad/s. Then, the complex-autocorrelation method (Section 6.4.2) was applied in
local regions of the motion field at a particular corneal surface, and fitted to Equation 4.5
for the estimation of local wavenumber kas shown in Figure 15b. Then, the depth-dependent
shear wave speed is calculated using ¢;= «w/kfor every corneal layer along depth. Figure
15c shows the agreement between the depth-dependent speed obtained using the reverberant
method, the structural OCT profile, and the anatomical distribution of some of the corneal
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layers. Finally, Figure 15d shows the elastogram of cornea (in m/s) superimposed with its
B-mode structural image.

The cornea is considered a thin-plate type tissue (corneal thickness in the order of typical
excitation wavelengths); therefore, Lamb waves are more likely to propagate (Section 3.4).
Other corneal properties were characterized with wave-based OCE using Lamb waves.
Corneal anisotropy has been explored with the direction-dependent propagation of transient
Lamb waves using air-pulse stimulation [62], and with a nearly-incompressible transverse
isotropic model when transient waves are stimulated using a cylindrically focused air-
coupled transducer [23], Moreover, corneal viscoelasticity in ex vivo porcine eyeballs was
estimated using the frequency-dependent Lamb wave speed obtained using Fourier analysis
(Section 6.2) fitted to a modified Rayleigh-Lamb wave model (Equation 3.6) [21, 25, 133],
which takes into account the corneal thickness, and the air and fluid interfaces at the corneal
epithelium and endothelium, respectively. Corneal tissue is also non-linear; i.e., it gets stiffer
as it is stretched by the increase of the intraocular pressure or other external forces. Corneal
non-linearity has been measured using multiple excitation techniques, including AC-ARF
[84, 119], air-pulse stimulation [20, 26, 62], and contact methods [22, 65]. Finally, other
effects in ex vivo corneal elasticity such as age [95] and hydration [98] have been explored
using air-pulse stimulation of Lamb waves.

One major contribution of wave-based OCE in ophthalmology is understanding the effect

of corneal treatments on the biomechanics of the cornea. Being able to screen and monitor
corneal health over time is fundamental for clinical applications and helps doctors during
clinical decision-making. Riboflavin/ultraviolet-A corneal collagen cross-linking (UV-CXL)
is a clinical treatment that increases the stiffness of the cornea, and it is used when

a degenerative corneal disease such as Keratoconus weakens the tissue and reduces its
thickness and stiffness [187]. The effect of UV-CXL and other variations in the stiffening

of the cornea has been explored using transient Lamb wave propagation in ex vivo porcine
[101, 119, 162, 174], and rabbit [99, 100, 188] eyeballs. Here, measurements of group speed
in the cornea tend to increase after the UV-CXL has been provided, demonstrating this
treatment’s effect. In particular, the localization of the UV-CXL treatment can be achieved
with elevated lateral resolution (~0.21 mm) in a pair of ex vivo porcine corneas when a
quasi-harmonic excitation at 2 kHz is produced with a confocal AC-ARF method (see Figure
16) [119]. Figure 16a shows the first corneal pair when no-treatment (left) and half-sided
UV-CXL treatment (center) was applied, while the second pair was subjected to the full
UV-CXL treatment (right). Lamb wave propagation can be observed for each when motion
snapshots are taken at the same 1.5 ms instant showing differentiated wavelength (Figure
16Db). In Figure 16¢, Lamb wave speed maps are shown for each case where the untreated
(left), half-treated (center), and full-treated (right) regions can be clearly identified. In
particular, for the half-treated case, differentiated Lamb wave phase speed can be estimated
in both regions from spatio-temporal propagation maps (Figure 16d) and compared against
phase speeds at the same 2kHz frequency for the untreated and full-treated cases as shown in
Figure 16e.

Other ocular tissues have also been studied using wave-based OCE, including ex vivo sclera
[22, 119, 127, 189, 190], limbus [22], and crystalline lens [89, 181, 191]. The elastography
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of the sclera remains a challenging task due to its elevated stiffness compared to the
cornea, which results in higher propagation speeds (longer wavelengths) which diminishes
the effectivity of time-of-flight and wavenumber estimators. In [22], the biomechanics of
the anterior segment of the eye, including cornea, sclera, and the connecting tissue between
them called limbus is explored as a function of I0P using a closed-loop 10P controller
system (Figure 17a), and quasi-harmonic excitation produced by a contact displacement
stimulation (Figure 17b). Figure 17¢ shows Lamb wave speed elastograms of the corneo-
scleral junction for 10, 20, and 40 mmHg IOP levels showing elasticity differentiation
between cornea and sclera. Interestingly, Lamb wave speed in the limbal tissue is in between
cornea and sclera and rapidly increases when the IOP is increased, reaching the point of
surpassing scleral Lamb speed (Figure 17d), suggesting that limbus has enough structural
flexibility to change its elasticity in order to stabilize the anterior eye shape during IOP
changes [22].

7.2.2. Other tissues—The application of wave-based OCE has also been instrumental
in the study of other ex vivotissues, including skin elastography using air-pulse [103] and
laser-based [113] stimulation; the study of cardiac tissues under normal conditions [104]

and myocardial infarction [105, 106], heart valves [192], uterus [193], liver [52, 123], brain
[76, 194], cartilage [107], soft tumors [93], skeletal muscle [61], diaphragm muscle [24],
and breast [195] tissues. Besides the study of ocular tissues, skin elastography has been of
major interest in wave-based OCE since the imaging resolution of OCT implementations

is capable of resolving tissue layers such as epidermis, dermis, and hypodermis with great
detail compared to other imaging modalities. Since the safety and contact requirements

for skin elastography using OCT are less restrictive than ocular tissues, its translation to
pre-clinical and clinical implementations has been possible as described in Sections 7.3

and 7.4. Finally, capillary wave propagation has been proposed for the study of mechanical
properties of fluids such as surface tension in [196, 197]. Unlike waves in viscoelastic solids,
capillary phase velocities also depend on other parameters including fluid depth, gravity, and
surface tension, offering a potential path for the exploration of fluid tension in the blood
which can provide relevant information on hematological diseases [196].

In vivo pre-clinical studies

When wave-based OCE methodologies have been further investigated ex vivo and have
demonstrated documented clinical potential they are later explored /7 vivo using animal
models. /n vivo studies allow researchers to compensate for motion and noise sources

that are present in clinical environments, study safety concerns, and understand tissue
biomechanics in more realistic conditions. In ophthalmological applications, several /in vivo
ocular tissues have been explored using wave-based OCE. In [182], air-pulse stimulation is
used in mouse corneas for measuring age-related elastic changes by measuring Lamb wave
speeds ranging 1 m/s — 4 m/s, and suggesting that elasticity of the cornea is increasing
with age. The elastography of four /n vivo normal rabbit corneas was conducted in [117]
using AC-ARF stimulation and Lamb wave propagation analysis, finding an average group
speed of 5.96 + 0.55 m/s. In this study, the compensation of axial motion produce by the
heartbeat and respiration of the rabbits was applied in order to obtain 3D displacement
fields of wave propagation. The effect of UV-CXL treatment in nine rabbit corneas was
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also explored /n vivo using air-pulse stimulation in [198]. Here, the wave speeds in corneas
were converted into Young’s modulus using the Rayleigh wave model (Section 3.3) and
compared for different UV-CXL treatment irradiances in preoperative, 30 min postoperative,
and 1 week postoperative corneal conditions. /7 vivo crystalline lens and retina have also
been studied using wave-based OCE. In [175], the elastography of rabbit lens and cornea
was simultaneously measured using orthogonal ARF excitation in order to measure elastic
changes in lens produced by aging, which is related to presbyopia disease. Results of this
study suggested that lenticular tissue becomes stiffer as the age increases with wave speeds
ranging from 1.5 m/s — 3 m/s. The elastography of layers in the posterior /in vivo rabbit

eye was conducted in [185] using ARF excitation in a confocal configuration with the

OCT imaging probe. In this study, at least 5 different layers were detected with mechanical
wave speeds up to 5.8 m/s, and compared with histological images. Finally, some in vivo
pre-clinical pilot studies were conducted in human corneas using air-pulse stimulation for
characterization of natural frequencies [11], and the effect of respiration and heartbeat in the
corneal elastography [10].

In vivo wave-based OCE studies have also been conducted in other tissues such as

skin. In [102], the effect of systemic sclerosis in the elastic properties of skin has been
explored in control and bleomycin-induced systemic sclerosis-like mouse skin using air-
pulse stimulation for the propagation of SAWSs. Results showed a differentiated Young’s
modulus between control and sclerosis-induced tissues, suggesting that this OCE method is
a promising technology for the quantitative, rapid, and non-invasive skin diseases diagnosis.
Finally, some pilot studies involving the elastography of /n vivo normal human skin has been
conducted in [15, 183] using SAWSs generated by contact displacement methods.

In vivo clinical studies

Only a subset of wave-based OCE technologies has been translated into clinical applications
with human subjects for the study of diseases, treatments, and the development of
biomarkers. In the study published by Ramier, et al. [12], the shear modulus of /in vivo
human corneas of 12 healthy subjects (ages between 27 and 67) were characterized using
Lamb wave propagation produced by a contact displacement stimulation probe (Figure 18a)
attached to the OCE clinical prototype that complies with the subjects’ motion. The first
demonstration of wave-based OCE applied to human corneas /n vivo as described in [199].
In another study [12], corneas were harmonically excited at 8 different frequencies (2 —

6 kHz by steps of 2 kHz), and motion frames were acquired using the M-B acquisition
protocol (43 kHz A-line rate) implemented in an SS-OCT system, as shown in Figure 18b.
Frequency-dependent Lamb waves speed and attenuation were measured in each cornea
(Figure 18c), and an average 7.86 = 0.75 m/s wave speed and 0.11 + 0.014/mm/kHz wave
attenuation were found for the 12 subjects. As explained in Section 3.4, the asymptotic
behavior of Lamb waves along frequency is the Rayleigh/Scholte wave speed, which is used
in [12] to convert wave speed into the average corneal shear modulus of 72 + 13.7 kPa.

The estimated maximum acoustic intensity produced by the vibration contact in the cornea
was 7.5 mW/cm2, which is below the spatial-peak temporal-average intensity limit of 17
mW/cm? set by the safety limits in ophthalmic ultrasound [120]. Some limitations of this
study include the contact nature of the mechanical excitation that produced minor reversible
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corneal epithelial disruption as reported in 3 out of 12 subjects. This effect, together with
the deformation produced by the contact tip in corneas, should be carefully considered in the
potential friction-induced damage to the corneal epithelium and patient discomfort. Overall,
this study constitutes the first measurement of shear modulus in human /in vivo corneas
using a contact displacement wave-based OCE method that takes into account the dispersive
behavior of Lamb waves and attenuation.

Another study of wave-based OCE in human corneas was recently published by Lan et al.
[200], using non-contact air-pulse stimulation as a source of Lamb wave propagation in

the corneas of nine subjects. Here, a common-path SD-OCT system was combined with a
fixation target and a camera in order to monitor the corneal position and compensate for the
eye’s lateral motion. Short-duration air pulses (840 ps) produced Lamb wave propagation

in corneas, and wave speed was estimated using the time-of-flight technique (Section 6.1).
Lamb wave speeds were found in the range from 2.4 to 4.2 m/s (n = 18 corneas from the 9
healthy subjects), showing minor differences in the elasticity between left and right eyes in
the same subject. This study (and pilot results in [199]) constitutes the first /7 vivo report of
the elastography of the human cornea using a fully non-contact approach with great potential
to expand into the clinical translation. Unlike other excitation methods, air-pulse stimulation
is proven to be safe as it has been used in other ophthalmic devices for decades [109].
Finally, the low frequency content of waves generated by air-pulse stimulation in corneas
prevents the generation of elastograms and remains one of the major limitations of this
approach.

Another example of clinical translation of wave-based OCE is the study published by Liu,
et al. [13] for the assessment of systemic sclerosis in human skin /n vivo. Here, non-contact
air-pulse stimulation is used to produce Rayleigh waves in the skin of 12 patients (8 control,
and 4 with systemic sclerosis) in order to calculate Young’s modulus using Equation 3.4.
Average Young’s moduli of 9.7 + 3.9 kPa and 16.4 + 3.9 kPa were found in normal and
systemic sclerosis skin subjects, respectively, showing a significant increase of elasticity for
the disease case. These results were compared with the modified Rodnan Skin Score, which
is the gold standard in evaluating dermal thickening in systemic sclerosis, showing a strong
correlation. This study shows the potential of wave-based OCE for the development of
biomarkers capable of screening skin diseases with high repeatability (interclass correlation
coefficient range: 0.76 — 0.95). Limitations of this study include the difficulty of obtaining
2D/3D spatial elasticity maps capable of differentiating elasticity gradient along lateral and
depth directions due to the low frequency content of the air-pulse stimulation. Nevertheless,
this study constitutes the first clinically useful demonstration of wave-based OCE in the
characterization of systemic sclerosis disease.

8. Challenges and opportunities

In the previous sections, we have summarized the main mechanical properties and boundary
conditions of tissues (Section 2), and how wave-based OCE leverages the propagation of
different types of mechanical waves (Section 3) produced by excitation sources of distinct
physical nature and coupling properties (Section 4). Depending on the requirements of

the study, including tissue condition (e.g., ex vivo, in situ, in vivo, and/or clinical), type
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of tissue under analysis (e.g., the ocular tunic, skin tissue, etc.), spatial extend (e.g., 2D
cross-sectional, and/or 3D volumetric) and temporal requirements (e.g., fast acquisition

<1s or extended acquisition), the selection of the suitable acquisition protocol for motion
measurement is made (Section 5). Then, the use of the appropriate elastography estimator
(Section 6) will mainly depend on the type of mechanical wave generated, the boundary
conditions of the tissue, and the assumptions on the tissue mechanical properties and
distribution. Elastography estimators coupled with the appropriate wave model allows for
the translation of wave properties (e.g., speed, attenuation, etc.) into quantitative mechanical
parameters such as Young’s or shear moduli, which have been proven to be instrumental

for the understanding of tissue physiology, pathological cases and treatment monitoring
(Section 7). Over the last decade of progress in wave-based OCE, different challenges and
opportunities have emerged, highlighting the present and future direction in this field. In this
section, we are going to comment on some of the major challenges, including elastography
resolution, accuracy and repeatability, acquisition speed, and clinical translation, including
the discussion of possible novel opportunities.

In Section 6.5, we explained the impact of the spatio-temporal characteristics of the
propagating mechanical wave in the elastography resolution: the smaller the pulse width

or characteristic wavelength of the mechanical wave is, the higher OCE resolution will

be achieved. Therefore, the generation of waves with greater localization (i.e., smaller
excitation area) and higher frequency content in tissues is desired. Transient excitation using
short pulses has been demonstrated to produce wave propagation with larger bandwidths
which allow the calculation of frequency-dependent phase speed, fundamental for the
elastography of tissues using Lamb waves, and viscoelastic studies using SAWs and shear
waves. However, if the input pulse excitation time 7pse is sSmaller than the relaxation time
of the tissue z (see Figure 8a), the frequency bandwidth of the propagating pulse will
always be limited by z no matter how small 7pys is selected (Figure 8b). Moreover,

the displacement attenuation of waves with higher frequency components constraints the
propagation to smaller regions closer to the excitation area. These mechanisms set a
fundamental limit in the frequency bandwidth of waves using transient excitation and
represent a major challenge in the achievement of higher elastography resolution. An
interesting alternative to mitigate the effect of wave attenuation is to improve the efficiency
of mation detection in phase-sensitive OCT by using the common-path configuration
approach. The common-path technique has been implemented with great success in SD-
OCT [149], and SS-OCT [14] for the motion detection of waves up to hundreds of
picometers. Other alternatives rely on the use of quasi-harmonic excitation, as shown

in Figure 8c. Unlike the transient case, quasi-harmonic excitation concentrates more
displacement energy to narrower bandwidth centered at % = 1/2 7pyse breaking the limitation
of g, as shown in Figure 8d. In this way, the mechanical wavelength is reduced for

the resolution improvement by the cost of calculating wave speed dispersion in a smaller
bandwidth. Finally, quasi-harmonic excitation allows the comparison of speed maps at the
same frequency 7y which is fundamental for the accuracy and repeatability of measurements
in longitudinal tissue studies. Quasi-harmonic and harmonic excitation has been successfully
used with contact displacement [22, 29, 65, 87] and AC-ARF [119] excitation methods for
the generation of detailed elastograms at the same central frequency £.
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The accuracy and repeatability of elastography estimations are important requirements for
wave-based OCE methods to be used in clinical applications such as the study of biomarkers
to distinguish disease from non-disease states of tissues, as well as the development of
screening devices to measure the progression of diseases and treatments. The accuracy will
be mainly affected by the appropriateness of the mechanical model of wave propagation,
assumptions made about tissue elasticity and its boundary conditions, and the correct
selection of the elastography estimator. For instance, in the anterior section of the eye, the
cornea is an anisotropic, viscoelastic, and non-linear thin layer tissue coupled with air in the
top surface and with fluid in the bottom layer. Then, estimations of shear/Young’s moduli
will disagree if the tissue is considered semi-infinite by using the SAW model (Equation
3.4), a thin-plate, isotropic, and viscoelastic tissue by using the Lamb wave model (Equation
3.6), or a thin-plate, transverse isotropic, and elastic tissue by using the modified derivation
of Lamb wave model in [23]. This is possibly the reason why estimations of corneal shear
and Young’s moduli using wave-based OCE differ greatly with tensile and inflation testing,
as reported in [23]. A useful practical guide for the correct selection of wave propagation
model can be given and it consists in: the (1) identification of tissue geometry and boundary
conditions using structural OCT images (and other imaging modalities), histological and
physiological studies; (2) identification of the predominant tissue mechanical properties (e.g.
if the interrogated tissue is highly anisotropic, viscoelastic, or non-linear for the conditions
in which is going to be measure) consulting to previous rheological and elastography
studies; and (3) simulating wave propagation using numerical methods taking into account
the previous steps and the properties of the excitation method (i.e. its spatio-temporal
characteristics). Based on the spatio-temporal and spectral analysis of the simulated wave
propagation, and its comparison with real data from the tissue is question, we can guide our
selection of propagation model and tailor it to more specific conditions. This proposed guide
only offers a practical exploration approach to the reader based on extensive past work and
does not guarantee its validity for all soft tissue cases and conditions.

The repeatability of wave-based OCE estimations will depend on how robust is the

selected methodology to the fluctuations of other variables such as OCT system noise (e.g.,
sensitivity and stability of the system), perturbation of tissues produced by environmental
factors (e.g., changes in position, shape, and elasticity of tissues due to external vibrations,
or temperature, pressure or humidity changes), and changes of boundary conditions (e.g.,
changes in the stress and dimension of tissues). In practical applications, achieving
repeatability, accuracy, and high resolution in the same OCE implementation is difficult, and
compromises need to be made. For instance, in wave-based OCE, spatial resolution is often
sacrificed in order to obtain a more repeatable speed estimation by extending the estimation
ROI to almost the whole OCT field of view. Moreover, repeated displacement measurements
of the same region can improve the signal-to-noise ratio by the cost of extending the
acquisition time. Then, the trade-off between resolution, accuracy, and repeatability is
always present in wave-based OCE, and prioritizing one over the other will depend on

the objectives of the study.

In wave-based OCE, the acquisition speed will depend on the type of OCT implementation
(i.e., SS-OCT or SD-OCT, as shown in Figure 9) and the acquisition protocol. Here, PhS-
OCT is used to detect displacement (or particle velocity) in the nanometer range produce

Prog Biomed Eng (Bristol). Author manuscript; available in PMC 2023 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zvietcovich and Larin Page 44

by a wave. Therefore, if the tissue under study is subjected to low frequency motion

(e.g., respiration or involuntary movement during /7 vivo studies) producing differential
displacements much greater than the OCT speckle size; then, the speckle decorrelation
among two consecutive A-lines along time is expected to distort the motion measurements.
This problem can be mitigated if the displacement between two consecutive lines is reduced
by increasing the acquisition A-line rate and using correlation techniques to track and
compensate for the speckle movement [117, 195]. Recent advances in the development of
MHz-range swept-source lasers can dramatically reduce the acquisition time of SS-OCT
[159, 160]; however, the phase stability of these systems remains a challenging task. Current
efforts in the stabilization of swept-sources in wave-based OCE applications rely on optical
and electrical optimization [201] and the use of common-path configuration as a reference
arm [14]. The use of the common-path technique mitigates the fluctuations between the
reference and sample arm and has also been demonstrated in SD-OCT implementations
[149].

Finally, only a subset of wave-based OCE technologies [12, 13, 200] has been translated into
clinical applications with human subjects for the study of diseases and the development

of biomarkers. This final step requires not only the effectivity and robustness of the

OCE methodology but also the development of safety studies demonstrating that the

OCE imaging under the selected acquisition protocol and the energy absorbed during the
mechanical excitation of tissues are below any safety limit proposed by regulatory agencies.
In this regard, only air-pulse and contact displacement stimulation methods have been
implemented for the study of human cornea and skin, as of yet. In the elastography of
cornea, air-pulse is the only non-contact stimulation method proven to be safe as it has

been used in clinics for decades [109], with great benefits for the clinical translation since it
doesn’t produce patient discomfort and possible damage of corneal epithelium. However, the
low frequency content of the stimulated wave highly constraints the elastography resolution
and the accuracy of the estimations. On the other hand, contact displacement methods have
been proven to produce high-frequency waves in human corneas by the cost of patient
discomfort, possible reversible epithelium damage, and the difficult control of the vibration
tip position and contact with the tissue. One possible alternative to the challenges proposed
by both stimulation methods is the use of AC-ARF excitation technology that can generate
high-frequency waves in tissues in a non-contact fashion [84] without propagating ultrasonic
pressure waves through tissues as in ARF. Moreover, in [119], a confocal AC-ARF version
with an OCT probe is proposed for the elastography of ocular tissues in the anterior segment
of the eye with great potential for clinical translation. Here, the coaxial configuration of the
AC-ARF transducer and the OCT probe facilitates the easy control and alignment of the
excitation location in the cornea at a safe working distance of ~20 mm [119]. Safety studies
of AC-ARF technology remain a pending work before it can be translated into clinical
applications.

Another challenge in wave-based OCE is the difficulty of measuring elasticity gradients
along the axial direction (zaxis) with the same effectivity as in the lateral axis for various
tissue-specific applications. As explained in Section 3, mechanical waves in OCE tend

to be guided by the surface of tissues which limits its propagation along the depth.

Novel alternatives using contact displacement excitation have been proposed in order to
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distinguish depth-dependent elastic distribution in phantoms and tissues, including the use of
longitudinal shear waves [76-78, 80] and reverberant shear wave fields [65]. Unfortunately,
this goal has not been yet achieved using non-contact methods and remains the topic of
future work. The use of passive elastography estimators combined with active sources

[127] comes with an opportunity for the depth- and lateral-resolved elastography of tissues
with higher resolution [131]. Finally, in terms of tissue applications, wave-based OCE
presents great unexplored opportunities in the anisotropic characterization of corneal tissue,
taking into account viscoelasticity and non-linearity for normal, disease, and treatment
corneal cases; the depth-dependent and viscoelastic characterization of layers in skin and
retina; the elastography of sclera as it is challenging due to its elevated stiffness (Young’s
modulus in the order of MPa); the elastography of the trabecular meshwork, fundamental
for developing biomarkers in glaucoma. Two particular areas that could greatly benefit

from recent development in wave-based OCE are tumor mechanobiology and developmental
biomechanics. We predict that these areas, along with the strong emphasis on clinical and
commercial translation, will be the main focus of the wave-based OCE technology in the
next decade.

9. Conclusion

In this review, the 10-year perspective on the progress of wave-based OCE has been
conducted, highlighting major developments in (1) the implementation of novel excitation
methods, (2) the proposition of advanced analytical wave models and estimators capable
of generating quantitative 2D/3D biomechanical information, and (3) the elastography of
a wide variety of tissues including ex vivo, in vivo pre-clinical, and clinical studies.
Ophthalmology and dermatology remain, undoubtedly, the major medical fields in which
wave-based OCE has demonstrated to be the most clinically relevant, as shown by

latest translation efforts. Some of the current major challenges leave a broad space for
opportunities in the improvement of lateral- and depth-dependent elastography resolution,
the accurate and repeatable translation of wave properties into mechanical parameters such
as Young’s and shear moduli, and the faster and more stable motion acquisition in tissues
in 2D and 3D. Future work may combine analytical and numerical techniques based on
machine learning’s latest progress, expecting to have the first wave-based OCE commercial
device in the upcoming decades.
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Figure 1.
Characteristics of wave propagation produced by the same localized excitation device

in homogeneous tissues with different mechanical properties: (a,d) elastic and isotropic,
(b,e) viscoelastic and isotropic, and (c,f) elastic and anisotropic. In (d), phase speed
corresponding to (a) is not dispersive and is the same for any radial direction with

respect to the excitation origin. In (e), phase speed is frequency-dependent, which produces
spatio-temporal distortion and attenuation of wave propagation in (b). Nevertheless, the
propagation in (e) is still isotropic with respect to the excitation origin. Finally, in (f), phase
speed is non-dispersive but highly anisotropic with respect to the orientation of fibers in (c).
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Figure 2.

Tissue spatial distribution and boundary conditions with respect to the characteristic
wavelength A, of the mechanical wave propagating in the tissue. In the horizontal axis,
three categories of homogeneity are shown: homogeneous (with thickness @), layered (with
different thickness for each layer), and heterogeneous (with softer and/or stiffer inclusions
compared to the background) materials. In the vertical axis, two categories of boundary
conditions are shown: semi-infinite, when > A; and thin-plate type media, when d< A..
In all cases, we assume the tissues are low-viscosity media and extend infinitely along the
lateral directions.
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Figure 3.
Mechanical waves in OCE. In (a), axial motion at the surface of a tissue sample is produced

by an excitation source for the generation of mechanical wave propagation. (b) Numerically
simulated diagram depicting different mechanical wave branches generated when an axial
harmonic load is applied at the surface of a semi-infinite elastic medium. Four waves are
identified: surface acoustic wave (traveling along the surface), shear wave, compressional
wave and longitudinal shear wave (both traveling towards depth). Colormap represent
normalized displacement magnitude in arbitrary units.
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Figure 4.
Generation of surface acoustic waves in a semi-infinite type tissue when the surface of the

tissue is interfacing (a) air, and (a) liquid fluid. The excitation source is producing localized
axial displacement at the tissue surface in both cases. After excitation, (a) Rayleigh, and (b)
Scholte waves propagate guided by the tissue surface.
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Figureb.
Propagation of Lamb waves in tissues. (a) Thin-plate type tissue (interfacing air at the top

and liquid fluid at the bottom) being locally excited with axial motion at the top surface.
(b) Lamb waves are generated and guided by the thin-plate in the quasi-symmetric ()
and quasi-antisymmetric (Ag) zero-order modes. Red and blue fields represent positive

and negative displacement, respectively. (c) Ay mode solution of Equation 3.6 showing
frequency-dependent Lamb wave speed for different thin-plate thicknesses H. For all cases,
Cp= ¢cF= 1500 m/s, p = pr=1000 kg/m3, = 10 kPa, which produces a ¢ ~ 3.07 m/s. The
asymptotic Scholte wave speed (csy) was calculated using Equation 3.5.
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Diagram showing different types of active and passive excitation sources used in wave-based
OCE divided into two groups according to their coupling nature: contact and non-contact.
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Figure7.
The impact of the excitation spatial extend (A, defined as the area diameter) in the

characteristic wavelength of transient mechanical waves in tissue. In (a), localized sources
(smaller A) can produce smaller excitation wavelengths in tissues. In (b), extended
sources (larger A) can produce stronger waves with less attenuation by the cost of larger
wavelengths.
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Figure8.
Types of temporal excitation signals in wave-based OCE (a, ¢, €) with their respective

frequency responses (b, d, f). In (a), the temporal displacement u(#) in two elastic materials
with different relaxation times (stiff: zp=1 ms, and soft: zp =4 ms) is produced by

a transient pulse with a duration 7pyse. In (b), the frequency response of the pulses in

(a) is shown with the calculation of the average frequency (#ayg) for each case. The quasi-
harmonic displacement in the stiffer (zp =1 ms) and softer (zp = 4 ms) elastic media is
shown in (c) when produced by a train of 4 pulses (periodicity 2 7pyse)- (d) Frequency
response of the quasi-harmonic displacement signals of (c). Finally, multifrequency signals
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used for the excitation of tissues are shown in (e) including its frequency response in (f) for
two cases: a chirp signal covering [100 - 900] Hz range, and a sum of five harmonic signals
with random phases covering [100 - 900] Hz with steps of 200 Hz.
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Figure.
Schematic of wave-based OCE experimental setups including the excitation method, the

target sample, and the optical system based on two OCT implementations: (a) SD-OCT,
and (b) SS-OCT. FC: fiber coupler, L1: collimation lens, L2: telecentric scan lens, C1, C2:
circulators.
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Figure 10.
M-mode acquisition protocol. In (a), A-lines (M repetitions) are acquired at the fixed lateral

position xp along depth and time. The mechanical excitation produces longitudinal shear
waves propagating towards the z-axis. In (b), the spatio-temporal propagation of the wave
in () is temporally sampled at the step time 7;which enables the tracking of the wave

at the smallest travel distance A, along the zaxis. The slope m of the line plot represents
the inverse of the wave speed. Colormap in (a) and (b) represents particle velocity (motion)
along the z-axis.
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Figure11.
Spatio-temporal 2D/3D acquisition protocols in wave-based OCE. (a) Ideal simultaneous

acquisition of motion produced by wave propagation in tissues along the xz-plane. (b)
Motion snhapshot obtained at the instant £ from (a). (c) Spatio-temporal analysis of wave
propagation along the lateral axis in (b). (d) Timing diagram of the MB-acquisition protocol
using M=200 temporal repetitions and 250 lateral location. The OCT A-line is 1/ 75 (e)
Redistribution of zframes from (d) into a 3D matrix for the calculation of spatial xzframes
with 7¥ = 1/T, apparent frame rate. (f) Timing diagram of the BM-acquisition protocol using

100 lateral location and Mtemporal repetitions. A single xz-frame is acquired in Az= 1007
(9) Stack of motion xzframes along time with a resultant frame rate of 7, = 1/At
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Figure 12.
Classification of mechanical waves and interferences typically found in wave-based OCE

according to the spatio-temporal properties of the excitation method, and boundary
conditions of tissues.
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Elastography resolution characterization in wave-based OCE. In (a)-top Wave propagation
generated at the center of a two-sided phantom (softer-to-stiffer transition) tissue-mimicking
phantom. In (a)-bottom, the elastogram (i.e. wave speed map) was calculated based using

a wavelength estimator (Section 6.4.1). Average wave speeds in both regions show a
differentiated elasticity between both phantom halves. (b) Lateral-dependent speed transition
plot obtained from the elastogram in (a) fitted to the Sigmoid function (Equation 6.10). The
spatial derivate of the Sigmoid plot was obtained in order to calculate the FWHM spreading

of the pulse. (Figure reproduced from Ref. [119]).
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Figure 14.
3D elastography of a heterogeneous tissue-mimicking phantom using transient excitation.

(a) B-mode structural en face images of a half-sided phantom with soft (3% gelatin) and stiff
(8% gelatin) regions. Wave propagation was initiated using a transient ARF excitation (0.5
ms pulse) exited at the center of the stiff region (black dot). (b) 3D elastogram representing
group velocity in m/s. (c) 3D elastogram of phase velocity calculated at f = 375 Hz. The
near-field effect of wave propagation can be observed in the excitation area of both (b) and
(c) cases. (Figure adapted from Ref. [161])
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Figure 15.
Elastography of layers in ex vivo porcine cornea using reverberant shear wave fields

(Section 4.2.2). (a) B-mode structural (left) and motion (right) volumes of a cornea.
Motion represents particle velocity produced by 8 localized contact displacement sources
vibrating at 2 kHz. (b) The en face motion frame (left) extracted from the top layer

in (a) is auto-correlated within a smaller region (discontinuous-line square) and fitted to
Equation 4.5 (right) for the estimation of local wavelength and local shear wave speed,

(c) Depth-dependent shear wave speed obtained after applying (b) to every single corneal
depth is compared against the physiological description of corneal layers (left) and the
structural OCT image of the cornea (center), (d) Shear wave elastogram (in m/s) of the
cornea superimposed with its B-mode structural image. (Figure reproduced from Ref. [65])
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Figure 16.
Wave-based OCE of ex vivo porcine cornea under localized UV-CXL treatment, (a) B-

mode structural images of untreated (left), half-CXL-treated, and full-CXL-treated corneas,
(b) Particle velocity snapshots (extracted at £ = 1.5 ms instant) showing Lamb wave
propagation in corneas under the cases in (a) produced using an AC-ARF excitation method
(quasi-harmonic vibration at 2 kHz) focused at the corneal apex, (c) Lamb wave speed
elastogram of the corneas in (b) obtained using a wavelength estimator (Equation 6.8).

(d) Space-time map showing average propagation of Lamb waves in the half-CXL-treated
cornea case, () Comparison of average Lamb wave speeds obtained in the left and right side
of each corneal case obtained from (c). (Figure reproduced from Ref. [119]).
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Figure17.
Wave-based OCE of the ex vivo porcine anterior segment of the eye. (a) Experimental

schematic showing the eyeball being cannulated for the IOP control using a closed-loop
system. The FOV indicates the region being scanned using an SS-OCT system. (b)
Schematic showing a contact displacement method (based on a piezoelectric actuator
generating quasi-harmonic excitation at 800 Hz) producing Lamb waves propagation from
the sclera all the way to the cornea passing through the limbal connecting tissue. (c) Lamb
wave speed elastograms (in m/s) of the anterior segment of the eye when I10P is subject to
10, 20, and 40 mmHg. (d) Comparison of average Lamb wave speed in cornea, limbus, and
sclera tissues for different 10OP levels. Error bars represent inter-sample standard error (n = 8
eyeballs). (Figure adapted from Ref. [22]).
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Figure 18.
In vivo elastography of human corneas using wave-based OCE. (a) Schematic of the contact

probe, including the OCT system and the vibration contact displacement tip touching the
corneal epithelium, (b) Displacement snapshots showing Lamb wave propagation at [6,
8, 12] kHz harmonic frequencies, (c) Depth-dependent phase speed (left) and attenuation
(right) extracted in the cornea of one of the human subjects over a range of 6 — 16

kHz frequencies. Gray box plots were left out from the analysis due to insufficient wave
amplitude. (Figure adapted from Ref. [12]).
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