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Abstract

Optical coherence elastography (OCE) represents the frontier of optical elasticity imaging
techniques and focuses on the micro-scale assessment of tissue biomechanics in 3D that is hard to
achieve with traditional elastographic methods. Benefit from the advancement of optical
coherence tomography, and driven by the increasing requirements in nondestructive
biomechanical characterization, this emerging technique recently has experienced a rapid
development. In this paper, we start with the description of the mechanical contrast that has been
employed by OCE and review the state-of-the-art techniques based on the reported applications
and discuss the current technical challenges, emphasizing the unique role of OCE in tissue
mechanical characterization.

The position of OCE among other elastography techniques.

Nondestructive techniques for biomechanical imaging and measurement
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1. Introduction

The mechanical property of tissue has been widely used as an important parameter for tissue
characterization [1] as many of the pathological and physiological changes involve the
alteration of tissue biomechanics [2]. Careful quantification of the changes in biomechanical
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properties can provide a way for early diagnosis and improved treatment of various diseases
and lead to a better understanding of different physiological conditions of cells, tissues and
organs. For example, tumors are generally stiffer than the normal surrounding tissues [3],
which enables elastographic imaging techniques to capture the initial signs of tumorigenesis
[4, 5]. In ophthalmology, the monitoring of the corneal biomechanics could help to optimize
and customize the procedures of refractive surgery, e.g. Laser-Assisted in situ
Keratomileusis [6, 7]. Nanoscale assessment of the spatiotemporal elasticity distribution of
the beating cardiac cells allows relating the structure and the function of the cardiomyocytes
[8]. A list of the reported alternations in elastic characteristics (Young’s modulus) associated
with the change in tissue pathology and physiology is outlined in Table 1 with the
measurement scales from cell level to organ level.

Uniaxial mechanical tensile and compression tests, relying on the precise measurement of
the relationship between the stress and the resulted strain [9], have been used as the gold
standard of mechanical characterization. However, the testing procedure is generally
destructive. The structural and functional properties of soft delicate tissues are difficult to be
maintained during the measurement. Also, in situ assessment of biomechanical properties is
generally impaossible using this method.

In 1980, noninvasive biomechanical assessment of the rheological properties of human soft
tissues using ultrasound - termed “elastography” - was proposed [21]. Based on the
stimulation with the acoustic radiation force, the displacement of tissue or the propagation of
the tissue deformation is captured and analysed with ultrasonic imaging (UI) techniques and
used to reconstruct the tissue biomechanics [22-24]. More recently, magnetic resonance
elastography (MRE), based on the phase-contrast magnetic resonance imaging (MRI) that
measures the mechanically-induced propagating acoustic waves in tissue, was demonstrated
[25]. Together with ultrasound elastography (UE), both of these techniques have been
extensively developed and applied for clinical use in cancer detection in vivo [26, 27].
However, limited by the spatial resolving ability of Ul and MRI, and also dependent on the
measurement SNR of the tissue displacement, the spatial scales of UE and MRE for
elasticity imaging remain at macroscopic level with the organ-size field of view and the
typical resolution of hundreds of micrometres and several millimetres, respectively [28-31].
Alternatively, elastography methods based on atomic force microscopy (AFM) can probe
the mechanical properties of single cell through applying nano-scale indention [32]. As an
elasticity imaging system, AFM is able to provide the contact force at the level of sub-
nanoNewton to load the cell membrane and measures the induced deformation with sub-
nanometre accuracy. Such capability has enabled AFM elastography to contribute to various
studies in cell mechanics and cell biology [33]. For example, high-resolution (1-5 nm)
mapping of the mechanical heterogeneities allows this technique for the detection of cell
pathologies [34]. However, AFM elastography has been mainly applied for the cultured cells
due to the limited field of view and the measurement procedure [35].

Since different spatial scales of mechanical assessment are essential for the understanding of
various physiological states and the detection of particular tissue pathologies [36, 37], it is of
great importance to have the imaging technique that fills the gap of the imaging scales
between ultrasound/MR elastography (organ level) and AFM elastography (cellular level).
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Elastographic methods based on several optical imaging techniques, including laser speckle
imaging [38], multiphoton microscopy [39], confocal Brillouin microscopy [40], and optical
coherence tomography (OCT) [41] have been recently developed to meet this demand.
Among these, OCT is a three-dimensional imaging modality with micro-scale spatial
resolution and millimetre-scale imaging depth in scattering tissues, which enables its clinical
applications in many areas, such as ophthalmology and cardiology [42, 43].

OCT elastography, also termed as optical coherence elastography (OCE), introduced by
Schmitt in 1998 [44], was first used to assess the tissue biomechanics through the
measurement of localized deformation and strain inside the sample. OCE generally relies on
an external or internal stimulation approach to load the tissue and an OCT-based detection
method to measure the corresponding tissue response [45-47]. The early development of
OCE features the static mechanical contact loading and the cross-correlation-based speckle
tracking to capture the displacement [48-51]. The emerging of phase-resolved OCT
detection utilizing the interferometric phase information from complex OCT signals, which
reaches nanoscale and sub-nanoscale sensitivity to the tissue displacement [52-54], enabled
OCE techniques to assess and extract different parameters of the tissue deformation with
high accuracy to reconstruct the tissue biomechanical properties [55-59]. Also, the
development of OCE for different types of applications results in various loading
approaches that have been proposed, such as the use of ultrasound for remote stimulation
[56, 60, 61], the employment of air puff for noncontact excitation [62-64], and applying
magnetomotive nanoparticles as the internal transducers for vibration [57, 65, 66].
Reinforced from the high spatial resolution of OCT, the imaging or measurement resolution
of OCE is spreading over the range from several microns to hundreds of microns depending
on the methods used to reconstruct the biomechanical properties [67-71]. Generally, OCE
maintains the same or even larger field of view compared with OCT at the millimetre level
[72, 73]. Figure 1 indicates the position of OCE among various nondestructive elasticity
imaging and measurement techniques with respect to the spatial scale of mechanical
assessment (according to the information collected from [28-30, 39, 40, 67-71, 73-80]). In
term of the spatial resolution and the field of view, it can be clearly seen that OCE fills well
in the gap among the traditional elastographic methods and thus has the potential to make
great impacts on the mechanical characterization of tissue.

Motivated by the unique role of OCE in biomechanical characterization, this paper aims at
providing a reference for the researchers in the relevant fields through the review of the
state-of-the-art techniques and the current existing challenges in OCE. A recent review
article of this topic from Kennedy et al. has characterized the major OCE methods mainly
from the aspect of the development strategies, including the methods of mechanical loading
and displacement estimation [47]. Building on this thorough work, this review will primarily
focus on the discussion from the application point of view, together with the description of
the basic mechanical contrast in OCE, as we believe that the field of OCE is coming to the
phase where specific applications will drive the further shaping and advancement of
particular methods, reflected in the way of how the current mechanical contrast is employed.

Based on the parameters that are used to obtain the qualitative or quantitative tissue
mechanical properties, current OCE techniques can be divided into three major categories:
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the measurement of displacement amplitude or strain, the assessment of natural or resonant
frequency, and the characterization of elastic wave propagation. In this paper, we will first
describe these three types of mechanical contrast employed by OCE, indicating how the
mechanical contrast is utilized in the OCE methods for biomechanical imaging and
assessment. Based on this, we will then discuss the state-of-the-art OCE techniques with
respect to the reported applications in clinical and pre-clinical environment, highlighting the
special features that OCE brings to the particular biomedical areas that require mechanical
characterization. In the final section, we will discuss our perspectives on the current
technical challenges in OCE. Throughout the review, we emphasize that OCE can be
potentially used as an essential tool to improve the diagnosis and treatment of diseases and
to assist the research and studies of tissue functional properties.

2. Mechanical contrast in OCE

The contrast in biomechanical imaging largely relies on the models from classical
mechanics that characterize the motion or deformation upon the mechanical disturbance [81,
82]. The specific characteristics of the sample response to the static or dynamic loading
determine the parameters for measurement, and the relationship between these parameters
and the tissue biomechanical properties (e.g. elastic modulus) results in the mechanical
contrast in OCE. In this section, we categorize the characteristics of mechanical response
utilized by OCE into three major groups, and describe the mechanical models that relate
them to the tissue elastic properties. Because biological tissues are highly complicated
objects, mainly reflected in their inhomogeneity as composed of various essential
constituents (both fluids and solids) in different ways [83], proper assumptions are needed to
simplify the theoretical models in order to yield quantitative information about tissue
biomechanics. The advantages and disadvantages of the three types of mechanical contrast
in OCE are also briefly commented.

2.1 Displacement amplitude or strain

As an analogy to the uniaxial compression test [9], OCE methods that employ the
displacement amplitude or strain as the mechanical contrast basically rely on the definition
of Young’s modulus under one-dimensional Hooke’s law [81]. Modelling the biological
tissue as isotropic elastic solid, within the elastic region, Hooke’s law defines a linear
relationship between the stress applied to the sample and the resulted strain. Here, the stress
oequals the ratio of the applied loading force F to the cross-sectional area A of the sample
that is directly loaded, expressed as o= F / A. The strain ¢ is the quantification of the sample
deformation, which can be written as e = AL / L, where AL is the magnitude of the
deformation and L is the original length of the sample. Based on Hooke’s law, the slope of
the linear relationship is the characteristic of the sample’s elasticity, termed Young’s
modulus E , with the mathematical expression of
o F/A FL

RPNV TN A
Young’s modulus is a direct measure of the sample stiffness. A larger value of Young’s
modulus reveals a higher stiffness of the sample. Thus, with the uniform stress applied, the
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detection of the strain ¢ or the deformation amplitude AL creates the contrast among
different parts of the sample that have distinct stiffness or elastic properties. A typical
example is shown in Figure 2 with both the experimental and simulation data from a silicone
inclusion phantom. The mechanical contrast between the inclusion and the surroundings can
be seen based on the mapping of the relative displacement and the strain.

The mechanical contrast with displacement amplitude or strain has enabled compression or
bulk-modulated OCE methods with both static/quasi-static [49, 50, 67, 84-87] and dynamic
configurations [55, 72, 88-92] as well as also the recently introduced “needle OCE”
technique [93, 94]. The displacement of the sample has been mainly obtained with either
OCT speckle-tracking method [48, 95, 96] or phase-resolved OCT approach [89, 97], where
the latter one has brought significantly improved imaging quality in compression OCE due
to its superior sensitivity to the tissue displacement [54]. Particularly for dynamic loading, a
method based on measuring the spread of the Doppler spectrum has been demonstrated
having better accuracy than phase-resolved detection for quantifying the deformation
amplitude from the positions with low OCT signal SNR [98]. For the assessment of local
strain from the displacement, higher sensitivity and better contrast can be achieved with
weighted least-squares fitting of the data [99].

To have this mechanical contrast be effective, meaning the strain or the amplitude of
deformation inversely proportional to the tissue Young’s modulus, it needs to be assumed
that the applied stress over the area of interest from the biological sample is uniform. This
further relies on the assumption that the tissue is isotropic homogenous [68]. Also, the
viscous property of the sample is assumed to be negligible from the tissue response to the
mechanical loading. Because the stress is unknown throughout the sample, current OCE
techniques employing this type of mechanical contrast generally remain qualitative,
however, with relatively higher spatial resolution that is equal or close to the one of OCT
structural imaging [68]. This particular mechanical contrast in OCE has recently been
studied with numerical simulations [100], and theoretical work has shown the non-
uniformity of the stress distribution in the sample with heterogeneous elasticity [68], causing
imaging artefacts in the resulted elastogram, as shown in the region surrounding the
inclusion in Figure 2. Such studies point out an important direction for improved OCE that
employs displacement amplitude or strain as the mechanical contrast, and also imply the
potential approaches towards quantitative elasticity imaging.

2.2 Natural or resonant frequency

Empirical viscoelastic models, such as the Kelvin-Voigt model and the Maxwell model,
have been widely used to describe the mechanical behaviour of biological tissues [82].
Based on the one-dimensional Hooke’s law with linear stress-strain relationship, linear
spring can be used to simulate the linearly elastic material with the spring constant as the
measure of the sample stiffness [82]. Taking the Kelvin-Voigt body as an example, the
biological tissue can be modelled as a parallel combination of a linear spring and a dashpot
that are representing the elastic and the viscous properties of the tissue sample, respectively.
For an underdamped harmonic oscillator [101], the relationship between the loading force
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F(t) and the resulted displacement x(t) of the sample can be written as a second order
differential equation,

d*z (t) Rdaz (t)
dt? dt

+kz () =F (t), @

where m is the mass of the sample, R is the coefficient of viscosity, and k is the spring
constant. By solving this equation, one can obtain the displacement profile x(t) and the
natural fluency f as

x (t) :Bef%tcos 2rft+p) )

1 k R2
and f =\ (©)]

m  4m?2’

where B is the amplitude of displacement and ¢ is the phase factor of the oscillation. From
Eq. (4), with the viscosity assumed constant, it is clear that the stiffness of the sample,
measured as k , is linearly related to the square of the natural frequency. The experimental
verification of this relationship in phantom studies is shown in Figure 3, where the natural
frequency of the sample appears to be linearly dependent on square root of the elastic
moduli. Thus, the assessment of natural frequency can generate mechanical contrast for
different stiffness of the sample. Here, it is worth to mention that with negligible viscosity,
the relationship between the spring constant and the natural frequency can be written as k =
47mf2, which represents the modelling of the sample with only a spring for its elastic

property.

In OCE, several loading functions, reflected in F(t), including the step function [56, 57, 65],
the dynamic sine or cosine function [102] and the square pulse [61], have been employed for
stimulation and to create such damped oscillations in the sample. To obtain the frequency
information from the captured temporal dynamics of the sample, approaches such as
applying fast Fourier transform [61] and performing least-square regression [65] with Eq.
(3) have been utilized in OCE.

When modelling the biological tissue as the Kelvin-Voigt body, it is assumed that the
constant stress applied to the system produces constant strain in the spring and constant
strain rate in the dashpot [82]. Although a simple empirical model can be utilized as a basic
description of the tissue mechanical characteristics, more adaptive models employing finite
element analysis [103] could provide more accurate representation of the tissue, thus
reducing the error of OCE methods in the quantitative assessment of the sample elasticity
[56]. For the qualitative OCE detection with the natural frequency as the mechanical
contrast, the assumption of identical or neglectable viscosity of sample could bring artifacts
for the elastographic imaging. To date, the OCE techniques based on this type of mechanical
contrast have shown both point measurement and also two-dimensional depth-resolved
elastogram where the mapping scale remains the same as OCT [102].
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Besides the direct employment of natural frequency as the indicator, the resonance
phenomenon has been utilized to create mechanical contrast with the detection of strain-
related or displacement-related parameters during the sweep of the loading frequency [70,
104-107]. Resonance occurs when the external driving frequency matches the natural
frequency of the sample, causing increased displacement amplitude or strain. Because the
tissue with different stiffness appears to have distinct natural frequencies, the spatial
mapping of the vibration spectrum obtained from OCE can be used to plot an elastogram
[70, 104]. Relying on the resonant effect, the natural frequency of the sample can also be
estimated through the frequency-sweeping stimulation [107], thus enabling quantitative
measurement of the sample elasticity [105]. Although the OCE techniques based on tissue
resonance rely on the same assumptions as with the approaches that take direct use of
natural frequency, relatively more thorough characterization of the tissue biomechanics is
available over a broad spectral range [70], however, with the need of processing larger
amount of hyperspectral data.

2.3 Velocity of elastic wave propagation

Besides characterizing the sample deformation, the propagation of the localized
displacement, as mechanical waves, also carries the viscoelastic information of the sample
[108]. Mechanical assessment based on the mechanical wave propagation is widely applied
in the areas such as seismology [109] and material examination [110], and recently has been
extensively utilized in tissue elastography with UE [23] and MRE [25]. For OCE techniques,
shear wave and surface wave are the two types of mechanical waves that have been mainly
employed for elasticity imaging and quantitative biomechanical measurement.

Modelling the sample as a homogeneous isotropic Kelvin-Vogt body, the propagation speed
c of a plane shear wave is determined by the viscoelasticity of the sample through the
relationship of [111]

2 (1)
c(w)= T 22) O
p (n+ Vi)

where p is the mass density of the sample, w is the angular frequency of the shear wave, |
and nare the shear modulus and the shear viscosity of the sample, respectively. It can be
seen that the shear wave velocity is frequency dependent for viscoelastic material, showing
as the dispersion of the shear wave caused by the viscous behaviour of the sample.
Assuming the negligible viscosity of the sample (7 close to zero), Eq. (5) can be simplified
into

where the shear wave velocity is directly related to the sample shear modulus and the mass
density. Through the ratio of transverse to shear strain, using the Poison’s ratio v, the sample
Young’s modulus E can be related to the shear modulus as
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E=214v)p. (@)

Due to the high percentage composition of water in soft tissue, the incompressibility can be
assumed for soft tissue samples, which leads to the Poisson’s ratio of 0.5 [112]. Thus, the
Young’s modulus can be directly related to the shear wave velocity as

E=3pc?. (8)

Equations (6) and (8) enable the estimation of the sample elasticity with a simple
relationship based on the shear wave velocity that can be measured by OCE, which creates
quantitative mechanical contrast by monitoring the shear wave propagation in the tissue
sample.

The detection of shear wave in tissue has been largely relying on the phase information from
the complex OCT signals [59, 71, 113]. The shear wave speed in soft tissue samples
typically has the range of 1-10 m/s [114]. To capture the wave propagation, M-B scanning
mode synchronized with the tissue stimulation is implemented in OCE [113, 115], which
enables the visualization of this relatively fast phenomenon. In OCE, the shear wave
velocity is calculated with the ratio of the propagation distance to the time delay that is
usually obtained through the cross-correlation of the captured local deformation profiles
along the wave propagation [71, 116]. Besides, the phase delay of the wave propagation and
the frequency of the shear wave can also be utilized to quantify the wave propagation time
among the measurement positions [59]. For the generation of the shear wave in tissue,
dynamic loading with a fixed frequency [66, 71, 115] and focused impulse stimulation with
a relatively short pulse duration [59, 116-119] have been mainly utilized in the OCE
techniques. Recently, mechanical stimulation with a broad frequency range is applied and
with the pulse compression approach, increased SNR for shear wave detection and reduced
artefacts in stiffness mapping have been achieved [120].

Relying on the shear wave velocity for quantitative OCE, estimation errors for the shear or
Young’s modulus exist due to simply modelling the biological tissue as an isotropic
homogeneous Voigt material and also the assumption on the negligible viscosity of the soft
tissue. A recent effort in OCE has been made to measure the frequency-dependent phase
velocity for the shear wave dispersion curve [66], which can be used for the quantification
of both the shear modulus and the shear viscosity of the tissue based on least-squares fitting
with Eq. (5). Taking into account the viscous property of the soft tissue, such OCE method
is expected to produce more accurate quantitative elastogram of tissue.

Unlike the shear wave that propagates in the bulk, the surface wave that is close to the
surface of an isotropic elastic material contains both longitudinal and transverse motion,
which can be considered as Rayleigh wave [121]. The surface wave velocity C of a
homogeneous isotropic medium is related to the sample Young’s modulus E through

0.87+1.12v F
Cc= )
1+v 2p (14v)
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Based on Eq. (9), for the soft tissue that can be assumed as isotropic homogenous, which
ignores the possible effect of wave dispersion, the Young’s modulus of the sample can be
directly quantified in OCE with the surface wave velocity [122, 123]. For layered sample
with different stiffness of each layer, the dispersion of the surface wave is associated with
the depthwise distribution of the sample elasticity [124]. Because the surface wave with
lower frequency penetrate deeper inside the sample, while the higher frequency components
is limited in the shallower depth, the velocity of the surface wave at different frequencies
can be used for depth-resolved elasticity measurement in OCE [58, 73, 124, 125]. Figure 4
shows an example of the phantom studies, where the depthwise distribution of the sample
elasticity appears to be associated with the frequency-dependent surface wave velocity.
Here, the relationship between the depth z and the frequency f; of the surface wave can be
approximated as

C(fs
z%/\zﬂ, (10)

Js

where A is the corresponding wavelength of the surface wave. With Eq. (10), OCE has
achieved depth-resolved quantitative elastogram with the mapping of Young’s modulus
[69]. Due to the approximation between the depth and the wavelength, the localization of the
elasticity in the sample might have errors. Also, with limited frequency range of the surface
wave, the elastic properties in the superficial layer of the sample may not be available.
However, such OCE techniques employing the dispersion of the surface wave extend the
elasticity measurement towards much deeper region inside the sample compared with the
field of view in standard OCT.

2.4 Other mechanical contrast in OCE

Besides the three major mechanical contrasts that have been employed in OCE, in this
section, we briefly describe and comment on several other parameters that are utilized by
OCE for biomechanical imaging and detection.

The recent development of OCE has demonstrated the relaxation rate of the self-recovery
process from the sample surface following an impulse stimulation can be used to provide
differentiation among samples with distinct stiffness [126]. Instead of an underdamped
harmonic oscillator, a first-order differential equation is utilized to model the tissue sample
as homogenous isotropic Kelvin-Voigt material [82]. Right after the removal of the external
loading, the strain & of the sample over time t can be express as

e (t)=g0e , (1)

where g is the strain when the recovery starts and « is the relaxation rate which is
determined by the sample viscoelasticity through

—E 12
a—R. (12)

Thus, assuming constant viscosity of the sample, the relaxation rate is directly proportional
to the spring constant and can be utilized as the indicator of the sample stiffness. The
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measurement of the relaxation rate is performed by the exponential fit of the captured self-
recovery profile with Eq. (11) [126]. To date, only the relaxation rate from the sample
surface is studied with point measurement [126]. How the surface relaxation rate is affected
through the depth and whether this parameter can be used to generate elastogram currently
remain as questions and require further investigations.

Similar to the use of displacement amplitude or strain as the mechanical contrast, the
correlation stability of the OCT structural images before and after the compression loading
has been demonstrated as an indicator for mapping the sample stiffness [127, 128]. With
uniform stress, the stiffer region within the sample deforms less than the softer region,
meaning distinct cross-correlation coefficients for the regions with different elasticity. As a
qualitative detection, the correlation stability is considered to be suitable for a much wider
strain range from the sample under compression, which makes this OCE technique
appropriate for the potential free-hand examination and using the OCT imaging probe to
induce deformation. Although this method avoid the possible errors from the measurement
of the displacement amplitude or strain [127], it could be very difficult to turn this highly
relative representation of the sample stiffness into quantitative detection, which is the major
drawback of this particular mechanical contrast.

With a step loading function, the temporal characteristics of deformation and creep have
been utilized to differentiate different types of tissues [65]. Specifically, exponential
functiony = 1 — a x ePt js used to fit the equilibrium part of the sample deformation profile
and b is obtained as the creep parameter [65]. Also, the time duration from applying the
loading force to the sample reaching the highest displacement is quantified as the rise time
[65]. Micro-scale elastogram could potentially be possible through the mapping of such
parameters. However, how they are determined by the biomechanical properties of the tissue
currently remains unclear and deserves more careful investigations.

3. OCE for tissue characterization

Tissue characterization, specifically the detection of the pathological and physiological
changes of tissue, has been driving the development of OCE for many applications. In this
section, we discuss the OCE techniques that have been reported for the applications on
seven major types of tissues, including cornea, soft-tissue tumor, artery wall, muscle, skin,
single cell and crystalline lens, and also on several other types of tissues, such as tendon and
airway wall. The mechanical characteristics of these tissues are of great significance for the
related clinical diagnosis and pre-clinical studies, where OCE could be potentially useful
with its unique scale of biomechanical imaging and assessment.

Compared with the traditional UE and MRE, OCE generally maintains two major features
for the applications on soft tissues. Firstly, the scale of elasticity measurement and
mechanical imaging of OCE could reach microscopic level with the possible spatial
resolution of several microns. This provides highly localized examination of the tissue with
sufficient number of pixels to resolve the micro-scale biomechanical heterogeneity, which is
not available with the traditional elastography techniques. Secondly, the superior sensitivity
of OCE to displacement enables high-SNR detection of sub-micrometre tissue deformation,
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which allows the loading stress low enough to minimize the alternation of the tissue
structural and functional properties during OCE imaging. These two advantages over UE
and MRE motivate the development of OCE for many applications in tissue
characterization, some of which are discussed in this section.

Although the current OCE techniques are not mature and still under development to be
applied in clinical and pre-clinical environments, this section reviews the available OCE
methods for the specific applications, provides the current status of OCE development for
some types of tissues, and comments on the important features, which are expected to be
useful for the further shaping and advancement of the particular OCE techniques to better
meet the application requirements.

The mechanical properties of the cornea have drawn great attention due to its important role
in the clinical diagnosis and treatment of various degenerative ocular diseases [129]. Some
specific examples include the diagnostics and assessment of keratoconus that causes reduced
rigidity of the cornea [130], providing essential assistance to adaptive biomechanical
modelling of the cornea for the optimization of individual laser ablation procedures [6], and
the management of collagen cross-linking therapy [131]. Such applications place several
technical requirements on the capabilities of the OCE, such as quantitative measurement for
the comparisons over time and across samples, in situ detection with high imaging speed,
and spatially resolved assessment for the capture of the mechanical heterogeneity.

The development of OCE for corneal biomechanics starts from the employment of the
displacement amplitude in response to static compression loading as the mechanical contrast
[132]. Ex vivo human cornea in the eye globe was compressed using a standard clinical
gonioscopy lens and most parts of the cornea were in contact with this lens from the anterior
side. The map of the displacement amplitude inside the cornea is achieved through 2D cross-
correlation of the OCT structural images. Besides the elastogram, the further analysis of
both the axial and lateral displacement indicates the heterogeneous mechanical properties
within the corneal stroma. However, the possible nonuniform distribution of the stress
caused by the incomplete contact between the gonioscopy lens and the cornea could result in
significant artefacts for the mapping of the corneal biomechanical properties.

Replacing the direct contact loading with noncontact air-puff stimulation, a few groups have
explored the OCE technique that measures the dynamic response of the cornea to a puff of
air [62, 63]. Similar to the clinically-available biomechanical test instrument, e.g. ocular
response analyser, such OCE method applies high-speed OCT imaging to better resolve the
corneal displacement with superior axial resolution. The deformation profile of the cornea
and also the quantitative parameters that characterize the deformation process are utilized to
represent the corneal biomechanics. In vivo human experiments have been demonstrated in
both studies [62, 63], and the sensitivity to detect differences in corneal biomechanics is
investigated with virgin and treated porcine corneas on the ex vivo eye globe [63]. This type
of OCE technique could be expected to potentially provide more accurate assessment of the
corneal dynamics due to the advantage in high-resolution imaging of the anterior segment of
the eye. The lack of the capability to resolve the spatially distributed mechanical property
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might be the factor to limit its possible applications. Also, relatively large deformation (from
hundreds of micrometres to millimetre level) of the cornea is induced, which could
introduce nonlinear components to the corneal response, making the measured parameters
hard to be quantitatively related to the biomechanical characteristics of the cornea.

The recently reported OCE techniques developed for the cornea features the loading of the
corneal deformation at micron or sub-micron scale measured using high-sensitivity phase-
resolved OCT detection [113, 122, 126, 133-137]. The mechanical contrasts from these
OCE methods are mainly from the velocity of the elastic wave propagation in the cornea.
Several stimulation approaches have been introduced to generate such mechanical waves
with both contact and noncontact configurations. Among these, one of the early studies
utilizes pulsed laser (532 nm wavelength) to induce surface acoustic waves on the cornea
based on the photothermal effect [122], which enables quantitative Young’s modulus
measurement of the cornea from this all-optical OCE method. The configuration of the
pulsed-laser stimulation and OCT measurement of surface acoustic wave on cornea is shown
in Figure 5(a), where a number of measurements are taken along the wave propagation to
quantify the wave velocity. Alternatively, impulse stimulation with a wire tip (contact area
of ~0.6 mm?) is used for an in vivo demonstration of the wave velocity estimation on the
mouse corneas [133].

More recently, a focused air puff with short duration (< 1 ms) and low pressure (level of
pascal) [64] has been applied to cornea as a safe and easy-to-control stimulus. A typical
configuration with air-puff loading of the cornea is shown in Figure 5(b) with 3D OCT
structural images. With this noncontact loading approach, in vivo OCE detection of the
corneal stiffness has been achieved [126, 134], and collagen cross-linking treatment of the
cornea is involved in the feasibility studies on the spatial characterization ability of such
OCE methods [135]. Also, with the proper synchronization between the air-puff stimulation
and the OCT phase-based imaging, the depth-resolved low-amplitude corneal elastic wave
propagation has been visualized at an ultra-high frame rate [113]. Figure 6 shows five
temporal points of the deformation inside the cornea indicating the visualization of the
corneal elastic wave propagation. Based on such ultra-fast imaging of the wave propagation,
the very recent studies on corneal OCE have investigated the possibility for micro-scale
biomechanical mapping [136] and towards quantitative viscoelasticity measurement [137].
Moreover, the spectral analysis of the corneal elastic wave with the quantification of the
wave phase velocity has been demonstrated to be able to provide micro-scale depth-resolved
assessment of the corneal biomechanical properties [138]. In Figure 7, the plot of phase
velocity over depth indicates the depthwise distribution of the corneal stiffness that are
related to the structural features of the cornea, including the epidermis, the anterior and
posterior stroma, and the innermost region.

As OCT has already been widely used in clinical corneal imaging, the pulsed laser [122] and
air puff [113] are two promising loading approaches for potentially convenient and
comfortable examination of the cornea with OCE. Further efforts can be placed on the
optimization of these two stimulation methods for the efficiency and the potential safety
issues, including the control of the heat [139] and the precise positioning of the air-puff port.
Relying on the ability to capture the air-puff-induced elastic wave (more specifically, Lamb
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wave [140]) in the cornea, more analyses associated to the wave properties, such as the wave
dispersion, are expected to lead to micro-scale quantitative corneal elastography [138]. For
the mechanical contrast that is based on the elastic wave propagation, adaptive models that
minimize the number of assumptions could reduce the estimation errors for the tissue
biomechanics. As the cornea has laminar structure with curved shape and complex boundary
conditions, advanced models for corneal wave propagation would be required to further the
application of OCE in the cornea.

3.2 Soft-tissue tumor

The stiffness of sample has been utilized as an important tissue characteristic in clinical
tumor detection, ranging from the palpation test during surgeries to the diagnosis and
localization of tumor through UE and MRE [26, 27]. OCE technique, due to its microscopic-
level mechanical assessment, could potentially provide more accurate delineation of the
tumor margin and assist the study of tumor biomechanics at a unique length scale that has
not been investigated before. The development efforts regarding the applications of OCE for
tumor detection have been mainly focused on two directions, including the imaging of ex
vivo excised tissue [70, 85, 102, 104] and towards the intraoperative assessment [93, 123].

For excised tissue samples, dynamic or static compression loading has been mainly
employed in OCE, which covers the whole field of view for the mechanical imaging [70, 85,
102, 104]. The early development features the use of a piezoelectric transducer to
dynamically load the tissue from the bottom against a fixed glass window which the OCT
imaging beam is penetrate through [70, 104]. With the resonance effect and based on the
change of the driving frequency, different sample regions that have distinct stiffness could
be highlighted with the mapping of the displacement amplitude [70] or the strain rate [104]
in a 2D depth-resolved elastogram. Such OCE methods have been demonstrated to be able
to detect the tumor region in ex vivo rat mammary tissues. With similar loading
configuration, depth-resolved quantitative elastography achieved through least-squares
fitting of the tissue response to cosine or step driving function with VVoigt model could
indicate the tumor region of ex vivo human breast tissue with good SNR. Two-dimensional
mapping of the sample elastic modulus can be considered as the major advantage of this
natural frequency based OCE technique. Fast Fourier transform can be utilized to replace the
regression in the quantification process [56], which could reduce the time required for
producing the elastogram.

Recently, common-path OCT configuration providing improved phase stability is combined
with a static compression loading approach for the development of optical coherence micro-
elastography [85]. A ring actuator is applied to compress the tissue sample by a glass
window that is used as the reference mirror for the OCT imaging [85]. Utilizing the OCT
phase information, and based on a 3D phase unwrapping algorithm, volumetric mapping of
the strain is available for 3D micro-elastogram [85]. Through the comparison with en-face
OCT structural images, this OCE method demonstrates clearer and better visualization of the
features in ductal carcinoma and uninvolved lymph node from ex vivo human breast tissues,
which represents an important step towards the use of OCE to complement conventional
OCT for fast histology of resected tissue samples. A typical elastogram of human breast
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tissue diagnosed as ductal carcinoma obtained with such OCE technique is shown in Figure
8, together with the corresponding OCT structural image and the histology.

Intraoperative detection of tumor boundary generally requires the OCE technique to have
the stimulation of the tissue from the same side of the imaging. One of the early efforts has
been made with the use of a focused air puff to load the tissue [123]. The quantification of
the surface wave velocity results in quantitative measurement of the Young’s modulus of ex
vivo human soft-tissue tumor, which enables the differentiation from the normal tissue
[123]. However, more studies are needed to investigate the feasibility of this OCE method
for the tumor margin detection. Needle OCE technique [94], as an unique configuration that
integrates OCE with a needle probe for deep tissue mechanical imaging, has recently been
applied for the boundary detection of the tumor in situ in the excised human breast tissue
[93]. The flat needle tip is functioned as the compression loading during the insertion of the
needle into the tissue, and the resulted displacement amplitude of the tissue in front of the
needle probe is plotted over depth for the heterogeneity detection [93]. The relative stiffness
of different regions inside the sample can be obtained based on strain that is reflected by the
slope of the displacement amplitude over depth. A sharp change of the strain (or the slope)
could directly indicate the mechanical boundary of the tissue, which can be seen in Figure 9
showing the typical needle OCE results during the insertion of the needle in human
mastectomy sample. The boundary between the tumor and the adipose tissue can be clearly
visualized based on the slope of the displacement over depth. During the insertion of the
needle, the fracture toughness of the tissue might compound the interpretation of the results
into the tissue elasticity, which deserves further investigations with the mechanical
modelling of the measurement process [93]. However, based on the current studies, the
needle OCE technique holds great promise for the intraoperative tumor margin detection.
Although being invasive, the capability of the method to make assessment several
centimetres deep within the tissue could potentially be of important value to help minimize
the residual of the breast tumor.

3.3 Artery wall

Mechanical characterization of the arterial wall could provide valuable information
regarding the stability of the plaque and lead to improved management of atherosclerosis
[141]. In response to the natural diastolic pressure variation in the artery, the distribution of
the strain from the arterial wall has been utilized by intravascular ultrasound (IVUS)
elastography [142] to characterize the elastic properties of different parts within the plaque,
thus enabling the analysis of the plaque components and stability [143]. However, the
relatively low spatial resolution (hundreds of microns) of the axial strain assessment from
IVUS elastography could limit its application for the detection of detailed structural
components that carry important information of the plaque vulnerability. Such limitation
provides the opportunity for the development of intravascular OCE for high-resolution
biomechanical imaging of the arterial wall [49, 144].

Some of the early developments of OCE techniques are focused on the application in artery
[49, 51, 144-146]. Such work mainly concerns on the computational approaches for the
tissue velocity and strain estimation based on the OCT structural images. Among these, a
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multi-resolution vibrational framework is proposed for robust estimation of the velocity and
strain field from the arterial wall, which is demonstrated with both numerical simulation and
experiment on ex vivo normal human aorta segment [49]. In the further development of
intravascular OCE, the loading of the tissue deformation is synchronized with the A-line
scanning of OCT and the displacement quantification is performed between the adjacent A-
lines, which avoids the mechanical imaging artifacts caused by the OCT frame-to-frame
decorrelation [146]. Numerical simulations demonstrate the feasibility of this method in
detecting the high-strain spot from vulnerable atherosclerotic lesions [146]. These studies
lay the foundation for the future strain analysis of the in vivo intravascular OCT images of
the coronary arteries, which is highly desired for the advancement of intravascular OCE
technique.

The recent development of the OCE techniques for the mechanical imaging of the cardiac
wall features the use of the OCT phase information to resolve the displacement induced by
acoustic radiation force with either a bulk-modulated loading configuration [90] or a
confocal point-stimulation configuration [60, 107]. In the former setup, with the tissue
samples placed on the ultrasonic transducer, 3D mapping of the tissue displacement
following the 500 Hz modulation is generated as the elastogram [90]. For the latter, focused
ultrasound waves are used to drive the tissue sample from the bottom, co-focused with the
OCT beam that is from the top. Two types of the mechanical contrasts have been employed
with this OCE setup, including the natural frequency obtained through the frequency sweep
from the stimulation [107] and the displacement amplitude under certain driving frequencies
[60]. All these OCE methods have been demonstrated with the capability of detecting
atherosclerotic lesion and fibrous cap from opened human coronary artery [60, 90, 107]. A
typical result is shown in Figure 10, where the loose and the denser fibrous caps are
highlighted in the elastogram based on different driving frequencies, which are confirmed
with histology results. The scale of the resulted 2D and 3D elastograms maintain the same
scale with the OCT structural imaging, which is sufficient for resolving the detailed plaque
structures. However, how to integrate such OCE methods into an imaging probe that could
be used for intravascular imaging is still an open question, which requires further
investigations regarding the design, engineering and experimental test.

Motivated by the fact that the functionality of the muscle tissues are highly dependent on
their mechanical properties, the development of several OCE techniques have targeted on
the imaging and measurement of the elasticity of muscle [87, 116]. Due to the general
millimetre-scale field of view, the applications of OCE in muscle tissues are difficult to be
involved in clinical diagnosis, but are mainly focused on providing information and
assistance to the related studies, such as improving the understanding of certain pathologies.
These efforts have been made very recently with two OCE methods developed for micro-
scale biomechanical characterization of both the skeletal muscle [87] and the cardiac muscle
[116].

With the strain in response to compression loading as the mechanical contrast, 3D micro-
elastograms can be generated for mapping the elastic properties of excised rat skeletal
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muscle [87]. The en-face elastographic result is demonstrated to provide higher SNR than
the structural OCT imaging for the detection of particular features and pathologies in the
skeletal muscle tissue, such as the necrotic lesions [87]. Figure 11 shows the high-resolution
micro-elastogram obtained with OCE, which indicates the damage to the skeletal muscle
tissue with the necrotic lesion. The comparison with OCT en-face structural image and the
confirmation with histology are also presented. With the unique measurement scale, this
OCE method could be useful in the relevant skeletal muscle research for improved treatment
of muscle diseases. The quantitative capability of such method is one of the directions for
further development, which can be very beneficial to extend the applications in the possible
longitudinal studies.

One of the current clinical problems with cardiac muscle tissue is the lack of the
regenerative ability after the ischemic heart disease. The OCE technique utilizing the shear
wave velocity for quantitative measurement of Young’s modulus has been recently
demonstrated to be able to assist the studies on cardiac tissue regeneration [116]. Relying on
shear wave imaging OCT [113], this OCE method is used to monitor the shear wave
propagation in the left ventricle wall and quantify the elasticity difference between the
groups of hearts with normal and genetically-altered myocardiocytes [116]. Figure 12 shows
the plots of the shear wave propagation distance versus the time delay at typical depths for
both types of cardiac muscle tissues, indicating the difference in the shear wave velocity,
thus the Young’s modulus. Because such method can provide orientation-dependent
elasticity measurement, studies related to the function of the cardiac muscle based on the
muscle fiber orientation could be possible with this OCE technique, which is potentially
helpful for the investigation of related biological and physiological questions.

The skin has been extensively used to demonstrate the feasibility in in vivo depth-resolved
biomechanical imaging of many OCE methods [44, 69, 72, 73, 88, 91, 124]. These studies,
at the same time, indicate various possible applications of OCE for the mechanical
characterization of skin in the clinical environment. The biomechanical properties of skin
contribute to its health and aging [147], and the change of the skin elasticity is closely
related to certain pathologies, such as scleroderma [148] and cancer [149]. The OCE
techniques developed for skin elastography have mainly employed two types of mechanical
contrast, including the displacement amplitude or strain [44, 72, 88, 91] and the velocity of
surface wave [69, 73, 124]. Both of these have shown promising results but with different
features for the elasticity imaging of the skin.

With mapping the tissue displacement amplitude for the mechanical heterogeneity of the in
vivo human skin, the first OCE study [44] utilizes the static compression loading with
piezoelectric actuator and applies 2D cross-correlation speckle tracking to generate
elastogram. Employing the displacement amplitude or strain as the mechanical contrast, the
further development of OCE features dynamic configuration [88, 91], where the skin is
compressively loaded with the frequencies in audio range. The mapping of the displacement
amplitude quantified through analysing the Bessel frequency spectrum of the OCT signal
from the periodic tissue motion indicates the stiffness difference of the layers in in vivo
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human skin [91]. The elastogram with micro-strain from the skin in response to dynamic
vibrations shows significant contrast between the epidermis and the dermis layer, and the in
vivo studies on human also demonstrate the feasibility of OCE for the detection of laceration
on the skin [88]. Recently, this type of in vivo OCE technique has been extended into 3D
[72]. Based on the OCT phase information, the strain rate caused by the dynamic uniaxial
loading is calculated and utilized to produce three-dimensional elastogram that has been
demonstrated to be able to monitor the hydration of the skin tissue [72]. Typical results are
shown in Figure 13, where 3D elastograms of in vivo human skin under normal conditions
and hydrated are shown and compared. Such OCE methods have the pixel scale below ten
microns in the axial direction in the elastogram, together with the mechanical contrast,
enabling improved accuracy in the measurement of the skin layers. However, because the
distribution of the stress can be highly complicated in the skin under compression loading,
quantitative elastography could be difficult to achieve.

The stimulation of surface waves on the skin and the measurement of the wave propagation
velocity provide quantitative skin elasticity measurement with OCE. The phase from the
OCT complex signal is utilized in these methods to resolve the tissue surface displacement
along the wave propagation [69, 73, 124]. With dynamic mechanical loading coupled to the
skin surface at different driving frequencies, the quantification of the surface wave velocity
based on the phase shift of the displacement profile among multiple locations leads to the
measurement of Young’s modulus from different depth levels of the skin [124]. This method
is used to show the hydration and dehydration effect of the in vivo human skin, and the
anisotropy of the skin elasticity determined by the Langer’s lines can also be detected [124].

Instead of sweeping the frequency of the dynamic loading, pulsed stimulation that contains a
broad range of frequencies could also be used for depth-resolved OCE of the skin [69, 73].
In such OCE method, the stimulation is generated with a mechanical shaker with the pulse
width that produces the wave frequency up to 10 kHz [69, 73]. This strategy of loading
basically reduces the data acquisition time for the depthwise mapping of the skin elasticity.
The phase values of wave propagation at different frequencies are obtained from the Fourier
transform of the temporal surface displacement profiles and used to quantify the surface
wave velocity. The dispersion of the wave is associated with the depth-dependent elastic
properties of the skin, which results in the Young’s modulus measurement for different
layers of the skin [73]. With this, quantitative depth-resolved elastogram has been produced
for the human forearm skin in vivo [69], which is shown in Figure 14. It can be seen that the
hard nodule can be differentiated from the elastogram with a good contrast. These OCE
methods could probe the elastic properties from the depth beyond what the OCT structural
imaging could reach, which suggests the possibility of OCE to complement the traditional
OCT imaging in dermatology [150]. As discussed in Section 2.3, a more accurate relation
between the frequency and the depth level could be the direction of future work regarding
such surface-wave-based OCE techniques.

3.6 Single Cell

Cellular biomechanics is an important parameter to characterize the health of cells and
provides important assistance to the studies of the pathological states, e.g. cancer [151].
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AFM has been utilized to probe the mechanical properties of single cell and is capable for
cellular elastography with the resolution at nanometre level [34]. However, the imaging
procedure of AFM elastography makes it very challenging to perform in situ biomechanical
imaging of single cell, which is of great significance for the study of pathological process,
such as the spread of cancer.

Towards this goal, a recent effort has combined OCE with multiphoton microscopy to detect
the cell dynamics from the periodic axial vibration of the microbead in the cell [152]. Such
method is based on the configuration of magnetomotive OCE that could resolve the motion
of the diffused or injected particles with nanoscale sensitivity [65]. The experimental
demonstrations are conducted on mouse macrophage, human breast primary ductal
carcinoma cells, and human breast epithelial cell in culture [152]. Figure 15 indicates the
cellular dynamic motion detected by magnetomotive OCE with the optical coherence
microscopy image showing the position of detection and the magnitude frequency spectra
showing the amplitude of vibration. This work can be considered as the first step of
developing OCE for in situ assessment of cell biomechanics. The employment of multi-
model imaging modality set up an example for the future development of the OCE
techniques.

3.7 Crystalline lens

The mechanical property of the crystalline lens is highly related to the accommodative
ability of the eye [153], and in situ nondestructive evaluation of the lens elasticity, especially
its distribution inside the lens, could improve the understanding of accommodation and
preshbyopia [154]. Several features of OCE, such as the capability of remote loading and
sensing, the possible depth-resolved detection and the requirement of significantly low
pressure for stimulation, make it promising for the development towards noninvasive
biomechanical characterization of the in situ crystalline lens. Due to the limited view of the
whole lens with OCT, the dynamics of the lens surface has been used to assess its elastic
properties [155].

The recent development of OCE has proposed a method to assess the depth-dependent
elasticity in transparent sample with the spectral analysis of the surface dynamics [61].
Pulsed ultrasound stimulation co-focused with the OCT imaging beam is remotely applied to
the surface of the sample, and with phase-resolved detection, the dominant frequency of the
surface self-recovery process, also considered as the natural frequency of the sample, is
utilized as the indicator for the depthwise distribution of the sample elasticity [61]. More
recently, this method has been applied for quantitative assessment of the biomechanical
properties of lens in situ [156]. Such measurements can be conducted in real time, which
could be beneficial to the studies related to the accommaodation and presbyopia.

3.8 Other applications

The recent development of an OCE method has been applied for quantitative evaluation of
the degenerated tendon model [92]. Acoustic radiation force is directly coupled in bulk into
the excised chicken tendon sample for dynamic modulation with 30 kHz frequency, and the
resulted strain inside the sample is obtained based on the amplitude frequency spectrum of
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the sample displacement profile from phase-resolved OCT detection [92]. With the tendon
sample placed inside the agar phantom that has known Young’s modulus, this OCE method
employs the linear stress-strain relationship and quantifies the elasticity of the tendon tissue
through the comparison (ratio) of the strain between the tendon and the phantom [92].
Quantitative elastography generated with such method has been demonstrated to be able to
monitor the degeneration of the tendon tissue induced by collagenase treatment [92]. Figure
16 shows the quantitative elastograms obtained by OCE over time together with the OCT
structural images, which indicate the degeneration process of the tendon tissue. As the
mechanical property of tendon is essential for the diagnosis of its health and functionality,
more work with OCE and physiological examination are deserved for moving this
application forward.

For engineered tissue at early stage, its mechanical property is an important parameter to
characterize the tissue and functionally monitor the development process [157], where OCE
techniques could potentially be applied as an essential tool. The development of OCE for
such application has employed the strain in response to the static compression loading for
the elastogram [84]. Two-dimensional cross-correlation is utilized to quantify the
displacement inside the tissue caused by the compression [84]. Both engineered tissue and
animal model at the early stage of growth are utilized for experiments with longitudinal
OCE characterization, and the capability of using OCE for mechanical imaging of the
development process is demonstrated [84]. As relative elasticity information is provide with
such OCE method, further investigations applying quantitative OCE techniques could
possibly provide more accurate characterization, which is potentially useful to the rapidly
growing field of tissue engineering.

Similar to the application for the arterial wall, the analysis of the deformations from the
airway wall in response to the tidal breathing enables the mechanical characterization of the
trachea. An OCE study has taken the high-resolution endoscopic OCT images of the tracheal
wall from live rabbit and produces the mapping of the compliance through the tracking of
the displacement from the wall surface [158]. Such compliance map of the trachea has been
shown to be able to indicate the location of the trachealis from in vivo experiments [158].
This type of OCE method that relies on the intrinsic stimulation of the tissue (such as the
tidal breathing here and the diastolic pressure variation in intravascular OCE) has great
potential to provide valuable mechanical information to directly complement the OCT
structural imaging. With the advancement of endoscopic OCT techniques, the quality of the
resulted mechanical imaging is expected to be further improved.

Recently, a potential application of OCE in reconstruction surgery such as laser reshaping of
the nasal cartilage has been also demonstrated [159]. The process of stress relaxation caused
by laser heating is the primary method to achieve the nasal cartilage reshaping in
otolaryngology and orthopaedics. However, stress relaxation in cartilage is a time-dependent
and critically temperature-dependent process. In order to achieve the desired changes of the
cartilage shape, an accurate measurement of the cartilage elastic property during the
temperature and time changes has been performed [159]. Interestingly, as shown in Figure
17, the results from OCE show strong but not linear dependence of cartilage elastic
properties on the temperature and are in agreement with the results obtained by uniaxial

J Biophotonics. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang and Larin

Page 20

mechanical compression test. Thus, this rapid and non-destructive experimental method is
promising for in vivo measurement and monitoring of the biomechanical properties of
cartilage during the laser reshaping process.

4. Discussions

Various applications could place different requirements to the further development of OCE,
resulting in certain technical challenges that are required to be investigated. Through the
review in Section 2 and 3, we have indicated and discussed several of them. In this section,
we present three typical ones, together with the outlining directions for the possible future
work.

The quantitative capability of the OCE techniques employing displacement amplitude or
strain as the mechanical contrast could bring such methods a number of new applications
and will significantly benefit the biomechanical imaging field. The current OCE techniques
relying on this type of mechanical contrast, such as compression OCE [67, 72, 104], could
provide high-resolution 3D elastogram with superior spatial resolving ability for the detailed
mechanical heterogeneity [85, 87]. However, due to the unknown distribution of the stress
through the sample, the direct quantification of the Young’s modulus remains unavailable,
which significantly limits the application of such techniques for accurate biomechanical
comparison across samples. Also, the possible nonuniform distribution of the stress could
lead to artefacts in the elastography results. Thus, methods that can provide the estimation of
the stress distribution inside the sample will be highly useful, and the combination with
these OCE techniques is expected to result in powerful biomechanical imaging/analysis
tools. To this end, some of the recent simulation work has addressed this issue with
numerically calculated distribution of the stress in a phantom with inclusion [68], as a
foundation for the development of experimental methods. Very recently, an OCT-based
tactile imaging method has been introduced with the capability of mapping the stress from
the surface of the sample [160]. The stress map has been demonstrated to be well related to
the features deep inside the sample [160]. However, the localization of the stress to all the
available depth levels deserves further development, which might enable multi-model
biomechanical imaging modality with high-resolution quantitative elastogram.

The quantitative ability has been considered as one of the major features for the OCE
techniques based on the velocity of shear wave propagation [71, 116, 119]. Such
quantification of the tissue Young’s modulus highly relies on the assumptions made to the
mechanical performance of the tissue (described in Section 2.3), such as the negligible
viscosity of the tissue. Especially, at the length scale of mechanical assessment by OCE
(micrometres), the complexity of the tissue significantly increases from corresponding
macro-descriptions [161], and might not hold certain assumptions. Therefore, it is of great
importance to clearly understand how certain assumptions affect the accuracy of the
Young’s modulus measurement. To date, no specific studies have been reported to provide
systematic characterization regarding this topic. With similar work as an example [100],
model-based simulations could be developed to describe the whole loading-measurement
process of the shear waves in tissue. Such investigation is expected to provide new insights
for the further development and optimization of the shear wave related OCE methods.
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The development of OCE probe is one of the important steps to realize the clinical viability
of OCE. For several applications, significant efforts have been made in this direction, which
enables in vivo human studies [62, 63, 88] or significantly extends the capabilities of the
existing technique [93]. Such work includes integrating the traditional air-puff stimulation
with the OCT imaging beam [62, 63], applying ring actuator to have the compression
loading and the OCT imaging from the same side [88], and putting OCE in a needle for deep
tissue mechanical imaging [93]. As focused air-puff loading [113] has shown great promise
in corneal elastography, the integration of the air-puff port and the OCT beam could lead to
more convenient and efficient detection. For this purpose, forward scanning OCT probe
[162] could be employed and bound to the air-puff delivery system. Having ultrasound
remote stimulation with the OCT imaging beam from the same side could enable in situ
experiments for certain applications, such as measuring the elastic properties of the
crystalline lens [61]. The ring-shape ultrasound transducer is potentially useful to help
achieve such configuration.

5. Conclusions

The field of OCE has recently drawn great attention and is experiencing rapid development
due to its unique capabilities for the biomechanical characterization of tissue. Benefit from
the micrometre-scale spatial resolution of OCT, OCE enables mechanical imaging and
assessment at microscopic level, placing it a unique position among various nondestructive
elasticity imaging and measurement techniques.

This review has described in detail the mechanical contrast employed by the current OCE
techniques, and presented the state-of-the-art methods from the application point of view.
Specifically, throughout the review, we indicate how the mechanical contrast is utilized in
OCE, comment on the advantages and disadvantages of various OCE methods for the
specific applications, and discuss the current challenges and the possible solutions for the
further development of OCE. Based on all these contents, we emphasize the unique
capabilities of OCE and also its promising future for the mechanical characterization of
tissue.

As the closure of this review, we envisage three trends for the development of OCE. The
first trend is the effort for quantitative high-resolution (micron-level) elastogram, which can
be considered as the goal of OCE. The second trend is the more involvement of numerical
simulations, as this type of work could significantly improve the current OCE methods. The
third trend is the further shaping of the OCE system and the optimization of the processing
algorithm, having OCE towards the clinical application.
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4
Nondestructive techniques for biomechanical imaging and measurement
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Figure 1.
The position of OCE among various nondestructive elasticity imaging and measurement

techniques in terms of the scale of detection. AFM: atomic force microscopy; OT: optical
tweezers [80]; MPM: multiphoton microscopy; CBM: confocal Brillouin microscopy; LSI:
laser speckle imaging; UE: ultrasound elastography; HI: holographic imaging [78]; MRE:
magnetic resonance elastography.
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Figure 2.
Experimental and simulation results from a silicone inclusion phantom showing the

displacement field and strain field inside the sample (measured by OCE) in response to a
compression loading. (a), (c) and (e) are from experimental measurements; (b), (d) and (f)
are from simulations. (a) and (b) are OCT structural images; (c) and (d) are displacement
fields; (e) and (f) are strain fields. (g), (h) and (i) are A-scan plots of the OCT signal, relative
displacement, and strain, respectively, from experiments (blue) and simulations (red).
Adapted from Ref. [100].
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Measured nature frequencies from phantom samples with varying elastic moduli showing
the natural frequency is linearly dependent on the square root of the elastic moduli. Adapted

from Ref. [57].
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Figure 4.
Experimental data of surface wave velocity from agar phantoms showing the frequency-

dependent phase velocity is related to the depthwise distribution of the sample elasticity.
Adapted from Ref. [58].
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Pulsed excitation beam

i

Excitation Position

R . Cornea
Scanning Line

Configurations of (a) the pulsed-laser stimulation and OCT measurement of surface acoustic
wave on cornea and (b) the focused air-puff stimulation and OCT measurement of corneal
elastic wave. (a) is adapted from Ref. [122]. (b) is adapted from Ref. [113].
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Figure 6.
Elastic wave propagation in cornea induced by focused air puff and imaged with shear wave

imaging OCT. Adapted from Ref. [113].
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(a) The elastic wave phase velocity over depth showing the depthwise distribution of the
corneal stiffness which is associated with the structural features of the cornea indicated with

(b) a general OCT image. Region I: epithelium. Region Il: anterior stroma. Region IlI:
posterior stroma. Region IV: innermost region. Adapted from Ref. [138].
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Figure 8.
OCE of human breast tissue diagnosed as ductal carcinoma in situ at a depth of ~100 um

indicating additional contrast. (a) En face OCT image; (b) En face micro-elastogram and; (c)
Histology. Adapted from Ref. [85].
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Figure 9.

Needle OCE results in a human mastectomy sample showing the capability of detecting the
tumor boundary deep inside the breast tissue. (a) M-mode OCT image; (b) Histology; (c)
and (d) Averaged A-scan signals; (e) and (f) Corresponding displacement over depth.

Reproduced from Ref. [93].
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Figure 10.
Elastogram of human coronary artery produced by resonant acoustic radiation force OCE.

(a) OCT structural image; (b) elastogram at 500 Hz driving frequency; (c) elastogram at 800
Hz driving frequency; (d) and (e) Histology. Adapted from Ref. [107].

J Biophotonics. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wang and Larin

Page 38

@

©  OCT SNR (dB)
L. OCME strain (me) %

500 m-'v ; ;

Figure 11.
Micro-elastogram showing the detection of the region with a necrotic lesion. (a) Histology;

(b) OCT structural image; (c) Micro-elastogram; (d), (f) and (h) show the characteristics
from intact muscle fibers; (e), (g) and (i) indicate the necrotic lesion with the strain appears
mottled texture and lack of the striation pattern. Adapted from Ref. [87].
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Figure 12.
Plots of the shear wave propagation distance versus the time delay at typical depths for the

myocardium with (a) normal and (b) genetically-altered cardiomyocytes, indicating distinct
shear wave velocities that are used to quantify Young’s moduli of the cardiac muscle tissues.
Adapted from Ref. [116].
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Figure 13.
Typical 3D elastogram of in vivo human skin tissue. (a), (b) and (c) are the OCT, OCE and

overlay images from the skin of middle finger under normal condition, respectively; (d), (e)
and (f) are the OCT, OCE and overlay images from hydrated skin of middle finger,
respectively. Reproduced from Ref. [72].
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Figure 14.
Quantitative elastogram obtained with assessing the frequency-dependent velocity of the

surface acoustic wave on human skin in vivo. (a) OCT structural image; (b) OCE results.
Adapted from Ref. [69].
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Figure 15.
Magnetomotive OCE data show the response of non-targeted Dynabeads from different

locations in human cancer cells. (a) Optical coherence microscopy image of cancer cell; (b)
Temporal displacement profiles in response to the external magnetic field; (c) Magnitude
frequency spectra showing the dynamic displacement amplitude. Adapted from Ref. [152].
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Figure 16.
Quantitative elastograms show the degeneration of the chicken tendon tissues. (a)-(c) are the

structure images of tendon samples treated with 1, 3.3, and 10 mg/mL collagenase for 60
min, respectively; (d)-(f) are the calculated Young’s modulus elastography for these three
samples; (g)-(i) are the overlaid images. Adapted from Ref. [92].
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Temperature dependence of Young’s modulus of cartilage tissue, obtained by OCT and
mechanical compression test. Adapted from Ref. [159].
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Table 1

Reported difference in Young’s moduli of cells, tissues, and organs caused by the pathological or

physiological changes.

Tissue Type

Tissue Condition

Young’s Modulus (Pa)

Cornea (Human) [10]

Anterior Lens Capsule (Human) [11]

Lens nucleus (Human) [12]

Liver (Human) [13]

Breast tissue (Human) [14]

Cartilage (Human) [15]

Skin (Human) [16]

Skeletal muscle (Human) [17]

Aortic wall (Human) [18]

Cardiac cell (Rat) [8]

Breast epithelial cell (Human) [19]

Erythrocytes (Human) [20]

Normal

Collagen cross-linking

Normal

Cataract

Middle age (about 40 years old)
Old age (63-70 years old)
Normal

Septal fibrosis

Fat

Parenchyma

Benign lesions

Malignant lesions

Under the temperature of 50 Celsius
Under the temperature of 80 Celsius
Younger (3-30 years old)

Older (30-89 years old)
Relaxation

Contraction

Non-fibrous

Fibrous

Calcified

Systolic

Diastolic

Benign

Malignant

Normal

Sickle

1.3x108
5.9x10°
485.8x103
416.2x103
5.2x103
10.6x103
4-6x103
8-12.5x103
5-10x103
30x103
55x103
179x108
80x103
16x103
4.2x10°
8.5x10°
40.6x103
258.1x103
41.2x103
81.7x103
354.5x103
26.2x103
7.8x103
1161

616
1.1x103
3.05x103
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