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Impact statement Abstract

Herein, we propose a potentially clinical
applicable shaker-based optical coherence
elastography (OCE) technique to charac-
terize the biomechanical properties of the
posterior eye, including different layers of
the retina. Compared with either acoustic
radiation force OCE or air-puff OCE, the
newly developed method can induce suffi-
cient shear wave propagation at the poste-
rior eye with high resolution and large field
of view.

Age-related macular degeneration (AMD) is a progressive retinal disease and becomes the
leading cause of blindness. It is well established that early detection is the key to preser-
vation of functional vision. However, it is very difficult to diagnose AMD in very early stages,
before structural changes are evident. Consequently, investigating the biomechanical prop-
erties of the retina maybe essential for understanding its physiological function. In this
study, we present a shear wave-based quantitative method for estimating the elasticity
of the posterior eye using shaker-based optical coherence elastography. This technique
has been developed and validated on both a homogeneous phantom and a healthy rabbit in
vivo. The shear wave speed from the ganglion side to the photoreceptor side of the rabbit

eye is 4.1m/s, 4.9m/s, and 6.7 m/s, respectively. In addition, the most stiff sclera region has an average shear wave speed of
9.1 m/s. The results demonstrate the feasibility of using this technique to quantify biomechanical properties of the posterior eye

and its potential translation to the clinical study.
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Introduction

Retinal diseases, such as age-related macular degeneration
(AMD) are the leading cause of severe, irreversible vision
loss in people aged over 60." It has been shown that the
main cause for visual loss in AMD is the development of
choroidal neovascularization (CNV). Although there are
available treatments for CNV, they are not capable of
reversing the injury nor able to improve vision in the
majority of cases.” As a result, early detection is the key
to preservation functional vision.

To understand the pathogenesis of the AMD, several
ocular imaging technologies have been developed for the
purpose of AMD detection and monitoring. The first trans-
formative imaging was the invention of fluorescein
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angiography to visualize the vessel distribution/blood
leakage if neovascularization is suspected.3 Later, another
imaging modality namely fundus photography has been
developed on epidemiological studies of AMD to establish
major risk factors.* More recently, a new imaging modality
referring to optical coherence tomography (OCT)® has been
introduced to provide better visualization of the various
retinal layers non-invasively. Despite these techniques are
capable of providing crucial information for the diagnosis
of AMD, they often are insufficient for early diagnosis,
before structural changes occur. It recently has been
shown that the mechanical properties of distinct cellular
layers in the retina are altered with the onset of AMD.”
Thus, investigating the biomechanical properties of the
posterior eye, especially retina, is essential for
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understanding its physiological function and their
response to stress from injuries, medical device implanta-
tion, and potential surgeries.

Elastography, an imaging modality capable of mapping
the biomechanical properties of soft tissues, provides addi-
tional contrast mechanism and clinically relevant informa-
tion for disease diagnosis. A typical elastography imaging
system is composed of two parts: excitation and detection.
Compared with conventional ultrasound elastography,®
high frequency ultrasound elastography®'® and magnetic
resonance elastography,' utilizing optical coherence elas-
tography (OCE) as the detection method, have gained the
capability to characterize subtle stiffness changes in ocular
tissue because of the high resolution (<10um) and the
advantage in transparelrlcy.u'13

To induce a small temporal axial displacement to launch
a mechanical shear wave in ocular tissue, multiple excita-
tion methods have been explored, including air—puff,14'15
acoustic micro-tapping,’® and acoustic radiation force
(ARF).""'? To be specific, current air-puff OCE was focused
on producing mechanical waves in the cornea and has not
been applied on the posterior eye. In addition, air-puff
pulse suffers from few limitations, including the low band-
width of the induced mechanical waves and slow relaxa-
tion times.'” Another excitation approach is so-called
acoustic micro-tapping. In general, a spatially and tempo-
rally sharp pressure is applied to the tissue surface via a
focused air-coupled ultrasound transducer. Because a
major part of the acoustic intensity is reflected at the bound-
ary, only less than 1% intensity was applied to the tissue,
launching a wave with nano to micrometer displacement.
Owing to the stiff sclera tissue and large attenuation from
the long propagation distance to posterior eye, the feasibil-
ity of applying this approach to characterize the elasticity of
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posterior eye still needs further investigation. In order to
have a more controllable localized force inside the imaging
region, Qu et al.” first applied ARF-OCE technique to char-
acterize the biomechanical properties of the retina in vivo
and successfully reconstructed the elasticity of each retinal
layer. However, owing to the large acoustic attenuation of
the anterior chamber, especially of the lens, a high power
AREF is typically desired to induce sufficient deformation at
the posterior eye directly. As a consequence, its mechanical
index (MI) and acoustic intensity remain a challenge to
meet the strict U.S Food and Drug Administration (FDA)
standards for ophthalmic exposure.

In this study, we report on the development of a shaker-
based OCE technique as a potential tool for clinical study.
The proposed method has the capability to assess the elas-
ticity of the posterior eye, including different layers of the
retina via shear wave elastography. The performance of the
system has been validated on both a homogeneous phan-
tom and a healthy rabbit eye in vivo.

Materials and methods

Experimental setup

A schematic diagram of the experimental setup is shown in
Figure 1. To induce the shear wave, a mechanical shaker
(mini-shaker type 4810; Bruel & Kjaer, Duluth, Georgia,
USA) was positioned at the anterior sclera which is
close to corneal limbus via a contact rod. The tip of the
rod has a square shape with the size of 1.2mm by
1.2mm. Then, the shaker was aligned along the scanning
direction of the OCT beam.

To precisely track the tissue motion caused by mechanical
shaker, a customized 50kHz spectral domain optical

Digitizer/ PC

-

RFA

Figure 1. Shaker-based OCE system schematic diagram with in vivo rabbit eye setup. SLD: superluminescent diode: OC: optical coupler: CO: collimator: OA: optical
attenuator: M: mirror: GM: galvanometer mirrors: L1/L2: lens: RFA: radiofrequency amplifier: FG: function generator: G: grating. (A color version of this figure is

available in the online journal.)
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coherence tomography (SD-OCT) system with a central
wavelength of 890 nm and bandwidth of 144 nm was built.
For the safety purpose, the light beam was filtered through
an optical isolator (IO-F-SLD150-895, Thorlabs Inc., Newton,
NJ, USA) and then split 20% to the imaging sample and 80%
to a reference mirror using an optical coupler. Glass imaging
windows are placed in the stationary reference arm for dis-
persion compensation. During the experiment, the scattering
signal from the sample arm is first coupled together with the
reflected reference arm signal, and then generates the inter-
ference signal. Next, the signal is separated by wavelength
with a diffraction grating and focused onto a line scan
CMOS camera. Finally, the raw signals were saved offline
for further processing. For the purpose of the shear wave
tracking, the shaker was fixed, while galvo mirrors scan at
M-B mode with a step size of 6 um. A total of 3 mm scanning
distance was acquired.

To synchronize the shaker and the SD-OCT detection
system, the PC sent out a baseline signal to trigger the arbi-
trary function generator (AFG 3252 C, Tektronix, Beaverton,
OR, USA), which generates an impulse signal with a pulse
width from 200 ps to 1ms. Then the impulse signal was
transmitted to a power amplifier (Type 2718, Bruel &
Kjaer, Duluth, Georgia, USA) to generate an amplified
impulse signal to the mechanical shaker to induce tissue
deformation. At each lateral scanning location, M-mode
collected a total of 400 A-lines, corresponding to the time
of 8.8 ms, before the galvanometer moves to the next scan-
ning position. To establish the baseline for the displacement
curve, the mechanical shaker was excited to 100 us after the
SD-OCT system started to acquire data. These parameter
settings were kept constant for both phantom study and
in vivo animal study.

Post-processing and data analysis

Data analysis was performed using MATLAB. The signal is
processed and transformed into depth-resolved intensity
and phase-resolved displacement.

To calculate the shear wave speed (SWS), the spatiotem-
poral map (lateral distance versus time shifts curve) was
obtained from the axial displacement map where the lateral
distance was measured by the moving step size of the galvo
mirror and the time shift (defined as the time to reach the
peak displacement at each dynamic displacement). Then,
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the SWS was estimated by applying a linear regression to
all peak displacement points along successive lateral loca-
tions. To quantify the Young’s modulus, we used the equa-
tion E=3-p-c? where p presents the tissue density

(approximately 1kg/m?) and c; is the SWS.

Phantoms and rabbit preparation

A custom-built silicone phantom was first fabricated to test
the performance of the system. The stiffness of the homo-
geneous phantom was tested by the gold-standard - uni-
axial mechanical testing (Model 5942, Instron Corp., MA,
USA), which is equal to 73.9 + 7 kPa.

The in vivo rabbit experiment was performed according
to the University of Southern California Institutional
Animal Care and Use Committee (IACUC) protocol.
Dutch belted pigmented rabbit (~2kg) was single housed
and fed with normal diet. Prior to the imaging experiment,
the rabbit was anesthetized with ketamine (35 mg/kg) and
xylazine (5mg/kg) via subcutaneous injection. Two drops
of phenylephrine were applied topically to prevent cornea
swelling and decrease discomfort. Redosing of anesthesia
was achieved by 2.5% sevoflurane through a facial mask.
The heart rate, respiratory, body temperature, oxygen sat-
uration, and non-invasive blood pressure were recorded
every 5min until it became fully conscious.

Results

Phantom results

The shaker was positioned at 4.8 mm laterally away from
the OCT detection beam in order to mimic the potential
shear wave propagation distance from anterior sclera to
posterior segment of the eye. Figure 2(a) shows the dis-
placement curves under the 200 ps, 600 ps, and 1000 ps
shaker duration which was acquired at the initial galvo
position, respectively. It was observed that longer duration
provides better signal-to-noise (SNR) ratio. However, for
the purpose of safety and maintaining a wide bandwidth
of the generated shear wave, 600 pis was selected as a bal-
ance and further implemented for the in vivo rabbit study.
Figure 2(b) shows the displacement curves at three differ-
ent depths of the phantom. It was observed that the peak
displacement and the time to reach the peak displacement
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Figure 2. Displacement curves of the homogeneous phantom. (a) With 200 ps, 600 ps, and 1000 us shaker pulse duration at the initial galvo position (the most left
position of the OCT image). (b) At the depth of 50 um, 250 um, and 450 um under the condition of 600 ps shaker pulse duration. (A color version of this figure is available

in the online journal.)



are similar among three depths, indicating the uniform
force distribution in axial direction.

Figure 3(a) to (c) shows the OCT image, spatiotemporal
map, and shear wave propagation at three different time
points, respectively. The effective field of view (FOV) of
shaker-based OCE system can reach up to 600 um, and
therefore it is sufficient to cover the imaging subject
where the healthy rabbit retinal thickness averages about
300-400 um. To assess the accuracy of our proposed shaker-
based OCE method on estimating Young’s modulus, we
compared it with the gold standard - uniaxial mechanical
testing (Instron 5942). Calculated from the spatiotemporal
displacement map of the phantom, the SWS determined by
the linear regression of the ratio between the propagation
distance and the time to reach the peak displacement in
successive lateral locations is 5.1+ 0.3 m/s, corresponding
to the Young’s modulus of 78.3 £9kPa. The calculated
Young's modulus is consistent with 73.9 &7 kPa tested on
gold standard. The difference between the reconstructed
Young's modulus via SWS and the gold standard is not
significant (P value =0.4133, where P < 0.05 is considered
to be significantly different), and is within the acceptable
range of error (~5%).

It was also observed in Figure 2 that the first 1 ms in axial
displacement curve at the initial galvo position has no dis-
placement, which corresponds to the propagation time
from the location of shaker to the region of interest (ROI)

(b)
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Qian et al. Optical coherence elastography for posterior eye

of the phantom plus the synchronization delay between
shaker and SD-OCT system. By removing the synchroniza-
tion delay time, we got the pure shear wave propagation
time of 900 ps. As a result, the average SWS in this region
was estimated to be 5.3 m/s, which is close to the calculated
51m/s inside the OCT beam scanning region. All these
results demonstrated that our imaging method has the
capability to assess the Young's modulus precisely.

In vivo rabbit posterior eye

Imaging was performed on the central retina and the same
M-B mode scanning scheme was used to capture the shear
wave propagation. The structural resliced OCT images
were obtained as shown in Figure 4(a), where the individ-
ual five posterior layers of the eye could be isolated.
Figure 4(b) to (d) shows the shear wave propagation at
time of 0, 0.088, and 0.176 ms, respectively. In Figure 5(a)
to (d), four spatiotemporal displacement maps at layers 1,
2,3, and 5 (indicated in the Figure 4(a)) are plotted, respec-
tively. The SWS of the first three layers from the ganglion
side to the photoreceptor side are: 4.1m/s, 4.9m/s, and
6.7m/s, which are corresponding to the elasticity of
50.4kPa, 72kPa, and 134.6 kPa, respectively. Owing to the
low OCT signal in layer 4, the SWS of the choroid was not
identified here. The layer 5 - sclera has an average SWS of
9.1m/s which corresponds to the elasticity of 248 kPa.

(©
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Figure 3. (a) OCT image of the phantom, (b) spatiotemporal displacement map of the homogeneous phantom, (c) shear wave propagation at the timing of 0, 0.088,

0.176 ms, respectively.
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t=0.088 ms

Figure 4. (a) OCT image of the posterior rabbit eye in vivo, (b—-d) shear wave propagation maps at the timing of 0, 0.088, 0.176 ms, respectively. Layer 1: Nerve fiber,
ganglion cell, and inner plexiform; Layer 2: inner nuclear, outer plexiform, and outer nuclear; Layer 3: RPE; Layer 4: choroid; Layer 5: sclera.

{8Ws = 6.7 m/s i SWS=9.1m/s

Figure 5. Spatiotemporal displacement maps of different layers of the posterior eye. (a) Layer 1, (b) Layer 2, (c) Layer 3, and (d) Layer 5.

Discussion

Optical coherence tomography is a well-developed imag-
ing technique to provide excellent spatial resolution and
can be used to characterize the tissue biomechanical prop-
erties when combined with an external inducing force.
In recent years, quantified elasticity maps of the in vivo
posterior eye are first presented by using ARF-OCE tech-
nique. However, ARF-based technique suffers from two
concerns. One is non-uniform ARF beam and relative shal-
low ARF excitation region in the axial direction; another
concern is the safety issue. The mechanical index (MI) for
ocular applications is 0.23 as determined by the FDA.
In order to maintain a high SNR, a large output power of
AREF is typically required, which impedes its translation to
clinical studies. By contrast, shaker-based method has been
previously investigated by ultrasound elastography studies
on human subjects in clinic, including cornea®' and poste-
rior sclera,”> which may be a relatively safe approach.

In this study, we used a shaker to mechanically induce
the tissue deformation. To be specific, the force is applied
orthogonally to the anterior sclera surface in order to pro-
vide shear wave propagation only” As indicated by
Palmeri et al.,** the frequency bandwidth of phase velocity
depends on the excitation duration and spatial beamwidth
used to generate the shear wave. Excitation durations from
100 to 700 ps (less than 1ms) are typically used to induce
shear wave propagation.” Based on these previous studies,
we concluded that shorter excitation duration can obtain
wider shear wave bandwidth, resulting in more accurate
estimation of elasticity. However, previous ARF-OCE
system utilized a relative long ARF excitation duration.
This is because that a short excitation duration (below
1ms) would not induce enough detectable displacement
at posterior eye, especially when the shear wave

propagates far away from the region of excitation of the
pushing transducer.”*?® Compared with ARF method, the
minimally contact shaker method is capable of providing a
shorter pushing duration - 600 ps is used in this study,
while maintaining sufficient tissue deformation.

The performance of the shaker-based OCE system was
first validated on a homogeneous phantom. The variance of
the peak displacements among different axial depths in
Figure 2(b) is less than 5%, which implies that the shaker
has the potential to generate uniform force distribution
within the OCT image view. In addition, the Young’s mod-
ulus of the phantom reconstructed by the linear regression
of the peak displacement points in the spatiotemporal map
is closely relative to the mechanical testing results. All these
results demonstrated that the shaker-based OCE has the
ability to accurately capture the shear wave propagation
with a large field of view. To further validate the potential
capability of our system on pre-clinical in vivo study, the
posterior rabbit eye was imaged.

There are few literature studies on the elasticity range of
the posterior eye. Chen et al.”” identified the elastic modu-
lus of the retina ex vivo using mechanical testing. However,
this test is performed on porcine tissue and without per-
turbing the natural retinal environment. Qu et al.® first
demonstrated the mechanical quantification of the in vivo
posterior eye using the bulk frequency response method.
In a healthy rabbit model, their mechanical properties vary
from 3 to 16 kPa in different layers of the retina. However,
the measured biomechanical properties depend on many
parameters such as test conditions, species, and most
importantly, measurement technique. The resonance
frequency-based elasticity measurement is highly depen-
dent on the characterization of the tissue and the imple-
mented model. Later, He et al.?® reconstructed the
elasticity of the retina using shear wave OCE. In their



report, the elasticity of the first three layers from the gan-
glion side to the photoreceptor side ranges from 12 kPa to
101 kPa. In addition, they indicated that the Young’s mod-
ulus of the bottom two layers is over 100 kPa. Our calculat-
ed Young's modulus from anterior retina to posterior
retina and sclera are in a reasonable range compared with
results above.

In this study, we successfully demonstrate the capability
of our imaging system to characterize the biomechanical
properties of the posterior eye. Considering the high
safety requirements in clinical study, our shaker-based
OCE system may have the translational potential for clini-
cal diagnosis. However, a few challenges remain to be
addressed before the technology can be translated. First,
the group velocity-based elasticity assessment in this
study maybe inaccurate (i.e. under the assumption of
pure elasticity and homogeneous medium) and may lead
to some bias because of boundary conditions and the ratio
of retina thickness to shear wavelength. A multi-layer
model (modified from previously developed Lamb wave
model®) is needed to precisely reconstruct both elasticity
and viscosity of different retinal layers. Second, as sug-
gested by Kirby et al,'* the bandwidth of generated
mechanical waves depends on the temporal and spatial
characteristics of the excitation push. Although 600 ps is a
short push, the push cross section determined by the size of
shaker’s contact rod is not tiny in this study, which may
reduce the mechanical wave bandwidth. They also pointed
out that the bandwidth/wavelength relationship of the
mechanical wave determines the spatial resolution of
reconstructed elastic modulus maps. In the future study, a
tiny rod will be implemented, which may help us to further
characterize the reconstructed elastic modulus maps.
Finally, the safety issue of the shaker-induced process still
needs to be further investigated to ensure its potential
applications in clinical settings.

Conclusions

In summary, we demonstrate that the shaker-based OCE
method has the ability to accurately map the biomechanical
properties of different retinal layer and sclera underneath.
Compared with ARF-OCE approach, our developed
method can induce sufficient shear wave propagation at
the posterior eye with high resolution and large field of
view, which could lead to a quicker clinical uptake.
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