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ABSTRACT

Optical Coherence Elastography (OCE) is a widely investigated noninvasive technique for estimating the mechanical
properties of tissue. In particular, vibrational OCE methods aim to estimate the shear wave velocity generated by an
external stimulus in order to calculate the elastic modulus of tissue. In this study, we compare the performance of five
acquisition and processing techniques for estimating the shear wave speed in simulations and experiments using tissue-
mimicking phantoms. Accuracy, contrast-to-noise ratio, and resolution are measured for all cases. The first two techniques
make the use of one piezoelectric actuator for generating a continuous shear wave propagation (SWP) and a tone-burst
propagation (TBP) of 400 Hz over the gelatin phantom. The other techniques make use of one additional actuator located
on the opposite side of the region of interest in order to create an interference pattern. When both actuators have the same
frequency, a standing wave (SW) pattern is generated. Otherwise, when there is a frequency difference df between both
actuators, a crawling wave (CrW) pattern is generated and propagates with less speed than a shear wave, which makes it
suitable for being detected by the 2D cross-sectional OCE imaging. If df is not small compared to the operational frequency,
the CrW travels faster and a sampled version of it (SCrW) is acquired by the system. Preliminary results suggest that TBP
(error <4.1%) and SWP (error < 6%) techniques are more accurate when compared to mechanical measurement test results.
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1. INTRODUCTION

Biomechanical properties of tissue such as elasticity provide important information that can be used to better understand
human physiological processes and their interactions. In particular, studies demonstrate that certain pathologies can be
characterized by tissue elasticity, e.g., glaucoma?, breast cancer?, liver fibrosis®, etc. Elasticity measurement using the
optical coherence tomography (OCT) imaging modality, also called optical coherence elastography (OCE), is able to
produce micro-scale resolution elasticity images in the range of 1 mm — 10 mm depth field of view. Therefore, OCE
enables the measurement of elastic properties of cells and small scale bio-components compared to other modalities such
as ultrasound elastography* (US), and magnetic resonance elastography® (MRE).

This research will focus on the implementation and comparison of dynamic OCE techniques which utilize the propagation
of transient or sinusoidal steady state mechanic perturbations in order to quantify elastic properties of tissue. We estimate
the speed of shear waves propagating in the sample without any previous knowledge of the loading stress.® Several
investigations have been done in this area when mechanical actuators’®, acoustic radiation force (ARF)®!!, and air-puff
excitation'?2are utilized in the wave generation. In particular, Manapuram et al.” used a swept-source OCT for measuring
shear wave pulse speed in gelatin phantoms. Song et al.8 proved that a phase-sensitive OCT system can be used for tracking
mechanical waves in gelatin samples at a frame rate of 47 kHz. Meemon et al.® studied the measurements of elasticity in
gelatin phantoms by tracking the speed of a steady state interference pattern (crawling wave) produced by two harmonic
sources.
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Similarly, ARF enables the generation of shear waves in tissue. Song et al.'* induced shear waves using a 128 elements
linear array ultrasound imaging transducer and measured its phase speed in order to generate elasticity maps in tissue-
mimicking phantoms. Finally, the use of an air puff excitation to produce surface waves in tissue was successfully
demonstrated by Wang, et al.™® In their research, the depth-dependent phase velocity of Lamb waves was estimated in ex
vivo rabbit cornea in order to distinguish four biomechanically distinct layers.

The present study aims to compare five different dynamic OCE techniques for estimating elastic properties in simulations
(numerical analysis) and experiments (gelatin tissue-mimicking phantoms). We combine the effect of one single source
and two sources of harmonic vibration for generating wave patterns with different properties. The first two techniques
make the use of one piezoelectric actuator to produce a continuous shear wave propagation, and a tone-burst propagation
of 400 Hz over the gelatin phantom. The remaining techniques make use of one additional actuator located on the opposite
side of the region of interest (ROI) in order to create an interference pattern with certain properties which enables the wave
speed estimation. For all methods, the shear wave speed is estimated in both sides of the gelatin phantom. Accuracy,
contrast-to-noise ratio (CNR), and resolution are measured and compared.

2. METHODS

2.1 Phantom preparation

A two-sided gelatin phantom was prepared by using 10% and 15% gelatin concentration in each side in order to ensure
differentiated mechanical properties (Young’s modulus). Light scatterers were provided to the phantom by adding 2%
concentration of intralipid powder. The shape of the phantom is a rectangular cuboid of dimensions 15 x 7 x 3 cm (Figure
1a) and its refractive index is approximately 1.35 which is close to real tissue.

The Young’s modulus of each side of the phantom was measured by conducting a stress-relaxation compressive test in
tree samples (n = 3) of each concentration using a MTS Q-Test/5 Universal Testing Machine (MTS, Eden Prairie,
Minnesota, USA) with a 50 N load cell using a compression rate of 0.5 mm/s, a strain value of 5%, and total measurement
time of 600 s. A fractional derivative standard linear solid (FD-SLS) model** was used to fit the stress-time plots in order
to obtain frequency dependent Young’s modulus. Finally, assuming an incompressible (Poisson’s ratio of 0.5),
homogenous and isotropic medium, the calculated Young’s modulus (E) is related to the shear wave speed (Vspeqr) DY

E
Ushear = 5 @)

where p is the mass density. The shear wave speed for each side of the phantom is estimated and used as a ground truth
measurement during the comparison.

2.2 Experimental setup

A phase-sensitive optical coherence tomography (PhS-OCT) is implemented on a swept-source OCT system (HSL-2100-
WR, Santec, Aichi, Japan) with a center wavelength of 1,318 nm and a full-width half-maximum (FWHM) bandwidth of
125 nm. The imaging depth was measured to be 5 mm (-10 dB sensitive fall-off). The optical lateral resolution is
approximately 20 pm, and the FWHM of the axial point spread function after dispersion compensation is 10 pum. A galvo-
scanner was used to change the lateral position of the beam in the sample. The synchronized control of the galvo-scanner
and the OCT data acquisition was conducted through a LabView (Version 14.0f1, National Instruments Corporation,
Austin, TX, USA) platform connected to a work station.

The separation between the phantom surface and the beam source is approximately 9 cm. Two piezoelectric actuators
(APC 40-2020, APC International, Ltd., Macheyville, PA, USA) were located on each side of the phantom as shown in
Figure 1b. These actuators were connected to stereo amplifiers (LP-2020A+, Lepai, Houston, Texas, USA) that receive
harmonic signals from dual channel function generator (AFG320, Tektronix, Beaverton, OR, USA). The maximum lateral
field of view of the ROI in the phantom is 30 mm and the maximum depth is 2.5 mm. Both actuators were located
approximately 8 cm from the center of the region of interest (ROI) (Figure 1b). The excitation frequency, acquisition
protocol, and use of one or two vibration sources will depend on the OCE method.
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Figure 1 (a) Two-sided gelatin phantom (10%, 15% gel concentration each side). (b) Experimental setup showing a cross
section of the phantom, location of vibrators, region of interest, and dimensions.

2.3 Crawling wave (CrW) method

This method was initially proposed in ultrasound elastography?S, and then applied in OCE as reported by Meemon et al.®
Here, two harmonic actuators generate shear waves Wier and Whighe propagating one against the other at frequencies fiert =
400 Hz and frigne= 400.4 Hz (Af = 0.4 Hz), respectively. According to Wu, et al.’®, an interference wave (crawling wave)
is generated out of the interaction of these two initial waves, and it propagates with speed v, given by

Af
Verw = l7shearm 2

where f is frequency of the first wave, Af = f,.i5n: — fiefe IS the frequency difference between both waves, and vgyeq, is
the shear wave speed of any wave in the medium. Since Af can be controlled to be Af « f, we can make the crawling
wave speed v, Slow enough to be detected by scanning multiple B-mode motion frames at a frame rate of 5 frames/s.
Each frame is formed by 1500 A-lines covering a lateral field of view of the ROI of 10 mm (lateral sampling resolution of
6.6 um) as described in Figure 2. A total of 200 frames were acquired. Finally, the shear wave speed can be estimated
based on the crawling wave speed by using the phase derivative method described by Meemon et al.® in which the local
wave number k(x) of the shear wave is calculated and plugged in

2nf
Vshear (X) = m 3)

where v, (x) is the shear wave speed at a given lateral position.
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Figure 2 CrW acquisition protocol using a SS-OCT system.
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2.4 Swept crawling wave (SCrW) method

This method is analogous to the CrW method, however the relation Af « f is no longer required. In this case, the CrW
speed is much higher and the benefits of detecting the slow wave without aliasing are not possible. However, if sampling
theory is applied to acquisition process, a mathematical model can be found in order to recover the shear wave velocity.
The acquisition protocol is based on the formation of M-mode maps for each lateral position; that is, for a given lateral
location xo, M depth A-lines are acquired at a rate of 20 kHz (time resolution of 50 us) as shown in Figure 3. Subsequently,
the galvo-scanner redirects the laser beam to the next lateral location x;. The M-scanning is performed consecutively for
each position x, until the entire field of view of 30 mm is scanned. It should be noted that while the scanning process takes
place, the crawling wave is propagating simultaneously.
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Figure 3 Acquisition protocol of SCrW, SWP, and SW methods using a PhS-OCT system.

It can be demonstrated that the spatial wave number of the interference pattern (ksc,1,) detected is related to the spatial
wave number of the shear wave (k(x)) in the medium as follows:

A
kscrw () = 2mAf =+ 2(k(x)) (4)

X

where A; is the lag time calculated as the sum of the time taken by the system to acquire M = 300 A-lines (15 ms) plus the
time taken by galvo-scanner to redirect the laser beam (5 ms), and A, is the lateral sampling resolution. For the acquisition
of N = 1000 A-lines covering the lateral ROI, then A, = 30 um, and A, = 20 ms. Equation 4 enables the recovery of k(x)
(needed for estimating the local shear wave speed) based on kg, (x) using two estimators: local fitting and Hoyt’s
algorithm®®, The local fitting estimator fits a portion of the scanned SCrW signal with a sinusoidal model in order to retrieve
local values of the wave number kgq,in,(x). The Hoyt’s estimator converts the SCrW signal into a complex-valued signal
using a Hilbert transform and then, applies complex cross-correlation in order to estimate kgc,y ().
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Figure 4 (a) Amplitude map generated using the SCrwW method. (b) Profile section of (a) showing the unfiltered and
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Figure 4a illustrates the 2D version of the SCrW harmonic signal. Since k¢, (x) > k(x), there are more harmonic cycles
along the lateral axis, which may improve the calculation of k(x) by using Hoyt’s estimator and local fitting. Figure 4b
depicts a 1D profile of the 2D map as well as its filtered version. Once k(x) is obtained, the shear wave speed is calculated
using Equation 3.

2.5 Standing wave (SW) method

In this method, both harmonic vibrators have the same frequency using the setup configuration in Figure 1b, that is, Af =
0. Then, v¢, = 0, and the CrW pattern becomes a standing wave (SW). The shear wave speed estimation then reduces
to the estimation of k(x) in the standing wave pattern as described by Equation 3. As in the SCrW case, k(x) can be
recovered by applying Hoyt’s estimator?® to the previous signal. However, it is important to note that the number of cycles
of the SW signal will be much less than the SCrW case, which will decrease the accuracy in the estimation. Figure 5a
illustrates the 2D version of the harmonic SW signal. It is evident that the wave number decreases from the felt to the right
side of the image, which proves the relationship between k(x) and the shear wave speed. A 1D profile version of the 2D

SW signal is shown in Figure 5b.
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Figure 5 (a) Amplitude map generated using the SW method. (b) Profile extracted from (a).

0 5 10 15 20 25 30
Lateral axis (mm)

2.6 Shear wave propagation (SWP) method

This method makes use of the left vibration source in the setup shown in Figure 1b. A continuous harmonic wave
Wiere (x,t) is sent through the right direction of the phantom at a frequency of f = 400 Hz. The M-mode acquisition
approach is used with the same parameters as in the SCrW and SW methods. The main idea is to generate space-time
representations of the propagating shear wave for all depths within the ROI. The main difficulty lies in the high speed of
the shear wave compared to the acquisition speed. If M-mode scanning is performed in the lateral position xo, when the
beam moves to the subsequent position x;, the shear wave will propagate several cycles adding an unknown phase. This
problem is solved by making the acquisition time (A;) in each lateral position a multiple of the periodicity of the shear
wave vibration (T = 1/f) in order to avoid a time dependent phase. For A, = 20 ms, the synchronization is ensured for a
vibration at a frequency of f = 400 Hz. Figure 6a represents the space-time map calculated by tracking the movement of
the wave along the lateral axis as a function of time at a given depth location. The change of slope (related to the shear
wave velocity) from one medium to the other is evident (Figure 6b). Applying the phase derivative method as mentioned
in section 2.3, the shear wave speed is computed.

2.7 Tone-burst propagation (TBP) method

TBP is the final method compared in this study. It uses one harmonic source located in the left side to create a tone-burst
of a surface acoustic wave (SAW) propagating within the ROI of the phantom. The tone is formed by one cycle of a
harmonic wave of f = 400 Hz. The M-mode approach is used for generating space-time representations of the propagating
pulse as in the SWP method. In this case, there is no communication between the function generator (which produces the
tone-burst) and the OCT acquisition system; then, similarly to the SWP method, a synchronization approach is required
(Figure 7). A tone is sent each 35 ms, and M = 1400 A-lines are scanned in N = 400 lateral positions. Then, the system is
able to detect at least 2 tones in a single M-mode scanning, which requires 70 ms. The time given to the galvo-scanner for
redirecting the beam between consecutive lateral positions is 35 ms in order to ensure the synchronization requirement.
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Figure 6 (a) Space-time map describing a shear wave propagation (SWP) taken at a depth of 0.8 mm in the phantom. (b)
Profile describing the wave propagation extracted from (a).
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Figure 7 Acquisition protocol of TBP method using a PhS-OCT system.

Four hundred M-mode maps are acquired using the described protocol in order to cover the ROI lateral axis of 30 mm. A
2D M-mode map is formed using 1400 (time axis) x 1024 (depth axis) elements. We rearranged the scanning into a 3D
volume of 400 x 1024 x 1400 elements in the lateral, axial, and time axes, respectively. 2D spatial motion frames can be
obtained based on the 3D volume at a frame rate of 20 kHz (time resolution 50 us). The propagation of the tone-burst can
be represented as a 2D profile cut of the 3D volume at a given depth z which will provide a 2D space-time map (Figure
8a). Here, it is evident that the slope of the tone trajectory changes from one medium to the other as shown in Figure 8b.
The shear wave speed can be estimated by calculating the local slope of the pulse trajectory as

Adshear
— 5
Ushear = ﬁtshear ( )

where Adg,.q, IS the propagated distance of a transient shear wave tone during time Atgy,...-. This estimation technique is
also called the time-of-flight (TofF) and is widely used in ultrasound and OCT elastography.'” In addition, surface acoustic
waves (SAW) are produced when a vibration is generated in a solid-vacuum interface.'® Since the penetration depth of an
OCT system typically ranges some millimeters from the interface, Rayleigh waves are more likely to be scanned than shear
waves. Then, for a linear isotropic medium with a Poisson’s ratio v = 0.5, a correction needs to be added as described by

Ushear = 1.05 * URayleigh (6)

For further details about Rayleigh wave properties, we refer the reader to Viktorov'é.
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Figure 8 (a) Space-time map extracted from the wave propagation using the TBP method taken at a depth of 0.8 mm in the phantom.
(b) Propagation profile extracted from (a).

2.8 Numerical simulations

All OCE methods were tested in a numerical wave field simulation using the k-space method conducted in the k-Wave
toolbox for MATLAB (The Mathworks Inc, Natick, MA, USA) recreating the same mechanical properties and dimensions
of the phantom, vibration sources, boundary conditions and ROI. A two-sided media was defined with a corresponding
shear wave speed of ¢! = 3.11 m/s, and c¢? = 4.78 m/s. The size of the 2D grid was 78 mm (600 elements) x 43 mm
(300 elements) in the lateral and axial directions, respectively. The two vibration sources introduce axial up-and-down
particle velocity in the medium in order to generate approximately planar shear waves propagating in the lateral direction.
Spatial-resolved particle velocity output was stored and, subsequently, processed according to the selected OCE method.

3. RESULTS
3.1 Mechanical measurements

Stress relaxation curves obtained with the compression test were fitted using a four-parameter FD-SLS model by using a
non-linear constrained optimization approach for both phantom concentrations. Subsequently, shear wave speed versus
excitation frequency plots were obtained by using the calculated parameters and a Fourier domain relationship described
in Schmidt, et al.** We found that the shear wave velocities of the 10%, and 15% gelatin phantoms for a 400 Hz excitation
are 3.11 +£ 0.05 m/s, and 4.78 £ 0.06 m/s, respectively.

3.2 Simulation and experimental results

Shear-wave-speed maps (SWSM) that represent the 2D shear wave speed for each lateral and depth position in a color-
coded fashion were obtained by using numerical simulation for all methods proposed in this study: Crw, SCrw, SW,
SWP, and TBP as shown in Figure 9. For each case, a mean-speed lateral profile was calculated in order to visualize the
speed transition from the 10% to the 15% medium. Simulations were performed under zero mean white Gaussian noise
(SNR 24dB) in order to recreate similar conditions during experiments. We evaluated accuracy, precision of shear wave
speed, lateral resolution Raggo, and CNR as shown in Table 1. The ground truth speed values were defined in the setup of
the simulation described in section 2.8.

Spatial lateral resolution Ragso is defined as the distance from 20% to 80% of the shear speed transition from one medium
to the other. It provides important information about the effectiveness of differentiating elastic properties of small elements
by means of a sigmoid function fitted to the estimated shear wave speed profile as described by Rouze, et al.*° The contrast
to noise ratio (CNR) parameter provides information regarding contrast between the two shear wave speed regions (the
10% and 15% concentration regions of the phantom) in the presence of noise related to the OCE method. The CNR is
given by
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where 1499, 1159, are the mean values of shear wave speed, and oy, 0150, are their standard deviation calculated within
a selected region in the 10% and 15% regions, respectively.
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Figure 9 Space-resolved 2D shear wave maps and 1D profiles for all techniques: CrW, SW, SCrW, SWP, and TBP obtained from
numerical simulations.

Table 1 Accuracy and precision error of shear wave speed, contrast to noise ratio (CNR), and resolution (Rz20s0), for all methods
extracted from numerical simulations under Gaussian noise corruption (SNR 24dB). PhD = phase derivative estimator; Hoyt =
Hoyt’s estimator; TofF = time of flight approach.

Gel 10% Gel 15%
Method Accuracy Precision Accuracy Precision CNR Raogo (mm)
error error error error

Crw PhD 0.74% 6.27% 11.67% 14.39% 312 0.73

Fitting 0.22% 7.43% 13.79% 18.18% 2.55 0.55

SCrw Hoyt 11.22% 11.03% 14.38% 19.47% 185 4.29

W Hoyt 1.88% 1.10% 3L77% 3.36% 16.34 134

Swp PhD 3.55% 2.47% 15.80% 2.10% 18.78 0.69

TBP TofF 0.90% 3.76% 1.36% 1.35% 16.16 120
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Mean-speed lateral profiles were obtained in experiments with phantoms in order to visualize the speed transition from the
10% to the 15% medium. The accuracy and precision error were calculated within a region in each side of the profile. The
mechanical measurement (MM) results were used as the ground truth for all methods. Preliminary experimental results
report that the TBP method (accuracy error < 4.1%) and SWP method (accuracy error < 6%) are the most accurate OCE
methods compared to all techniques, as reported in Table 2. Figure 10 shows the sigmoid function after being fitted to the
actual shear wave speed profiles for the TBP and SWP methods. R,,g, and CNR are also calculated and shown in Table
2. The axial resolution of speed profiles is the same for all techniques and is equal to the axial sampling resolution of the
B-mode OCT images (2.5 pm).

Table 2 Accuracy and precision error of shear wave speed estimation, contrast to noise ratio (CNR), and resolution (Rzos0), for
all methods extracted from experimental results.

Gel 10% Gel 15%
Accuracy Precision Accuracy Precision CNR Rao80 (Mm)
error error error error
Crw 12.08% 4.30% 1.51% 3.91% 5.66 0.99
SCrw 24.14% 9.70% 11.89% 11.53% 2.06 1.36
SW 24.81% 13.42% 37.30% 16.10% 2.28 1.30
SWP 5.98% 9.10% 4.59% 2.82% 5.14 0.82
TBP 0.23% 6.77% 4.08% 7.15% 3.81 0.88
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Figure 10 Shear wave speed profiles using (a) TBP method, and (b) SWP method obtained from experiments in a
two-sided gelatin phantom.

4. DISCUSSIONS AND CONCLUSIONS

Five OCE methods were evaluated in the estimation of shear wave speed in simulations (numerical analysis) and
experiments (two-sided gelatin tissue-mimicking phantom of 10% and 15% concentration). As shown in Table 1,
numerical results predicts that the TBP method has the most accurate speed estimation in both sides of the phantom
(accuracy error < 1.5%) for the same noise conditions. This outcome is then confirmed by experimental results as reported
in Table 2 for the TBP method (accuracy error < 4.1%). SWP has the second most accurate results (accuracy error < 6%)
in experiments, and it also provides the second best CNR. The remaining methods overestimate the shear wave speed in
both sides of the phantom in simulation and experiments. There is a marked difference between OCE methods that use one
vs. two wave vibration sources. TBP and SWP remain more accurate than CrwW, SCrW, and SW. This behavior is attributed
to the multiple wave reflections in all boundaries of the phantom that are more prevalent in the dual source and steady state
techniques. OCE methods using two sources have twice the number of reflections than one-source methods in experiments.
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TBP is less sensitive to reflections than all other methods because the energy of the propagating pulse decays rapidly
compared to a continuous wave. However, a shear wave traveling from one medium to another of different elastic modulus
produces a reflection than cannot be avoided.

In summary, all five evaluated vibrational OCE methods have both advantages and limitations. In particular, the TBP
method reports the best accuracy in both sides of the phantom during experiments and numerical simulations. It is also
less sensitive to reflections which make it a promising technique for the quantitative estimation of elasticity in tissue.
Future work will be focused on the frequency dependent estimation of shear wave speed in order to calculate the viscosity
parameter, which has been demonstrated to be an important biomarker in characterizing tissue such as human liver?, and
human cornea?.
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