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Impact statement

Quantification of biomechanical properties
of corneal scar plays an essential role in
helping us to further investigate the
pathology of many corneal diseases and
improve some types of corneal surgery.
Although the structure of corneal scar has
been studied extensively, there is no
research on its elasticity at present. Herein,
the first elasticity measurement of corneal
scar has been reported. The resulting
structure image, Young’s modulus, and
tissue elasticity distribution of a human ex
vivo scarred cornea suggest that the pro-
posed ARF-OCE system can be incredibly
helpful in quantifying biomechanical prop-
erties of corneal scar and may occupy a
significant position in clinical application
benefiting from the advantages of real-time
imaging, noninvasive measurement, high
resolution, and high sensitivity, which will
stimulate more interest in research in this
area.

Abstract

Biomechanical properties of corneal scar are strongly correlated with many corneal dis-
eases and some types of corneal surgery, however, there is no elasticity information avail-
able about corneal scar to date. Here, we proposed an acoustic radiation force optical
coherence elastography system to evaluate corneal scar elasticity. Elasticity quantification
was first conducted on ex vivo rabbit corneas, and the results validate the efficacy of our
system. Then, experiments were performed on an ex vivo human scarred cornea, where the
structural features, the elastic wave propagations, and the corresponding Young’s modulus
of both the scarred region and the normal region were achieved and based on this, 2D
spatial distribution of Young’s modulus of the scarred cornea was depicted. Up to our
knowledge, we realized the first elasticity quantification of corneal scar, which may provide
a potent tool to promote clinical research on the disorders and surgery of the cornea.
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Introduction

also occurs during the recovery period following certain

The cornea lies at the front of the eyeball and is exposed to
the external environment. It has garnered increasing atten-
tion over the last decade due to its critical role in maintain-
ing good visual function." Corneal scarring occurs as a
result of the abnormal alignment of the collagen fibrils,
which occurs during the progression of many corneal dis-
eases, such as xerophthalmia, Stevens-Johnson syndrome,
ophthalmia neonatorum, leprosy and corneal trauma. It
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types of corneal surgery, such as surface ablation and
laser in situ keratomileusis.>” Scar tissues have a different
arrangement of collagen fibers compared to normal tissues,
resulting in altered biomechanical properties.” Thus, quan-
tifying changes in biomechanical properties of corneal scars
is critical for gaining a better understanding in the patho-
physiology of corneal disorders and evaluating the thera-
peutic efficacy of corneal surgery.
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Many methods are currently available for imaging and
analysis of corneal scar, including slip lamp imaging, ultra-
sound biomicroscopy, optical coherence tomography
(OCT), multiphoton fluorescence imaging, confocal micros-
copy, and terahertz time domain spectroscopy.*™ These
techniques demonstrate the capacity to observe changes
in the structure, spatial distribution, and composition of
corneal scars. Therefore, they are regarded as useful tools
for clinical diagnosis and therapy. None of them, however,
have highlighted biomechanical properties. As a result of
this, an innovative technology used for detecting the bio-
mechanical characteristics of corneal scar is urgently
required. Elastography is a mature imaging modality for
evaluating tissue biomechanical properties by detecting
externally induced local tissue deformation.”'* Owing to
the deep imaging depth, elastography technologies based
on ultrasound and magnetic resonance are most popular
among all the elastography modalities. But it is hard for
them to detect imperceptible changes in structure and elas-
ticity of tissues because of the relatively low resolution.'>™¢

In comparison to the ultrasound and magnetic
resonance-based methods, optical coherence elastography
(OCE) is a burgeoning technology with advantages of
much higher resolution and sensitivity, as well as faster
processing speed. Accordingly, this technique holds great
potential for clinical application.'’"?* Through years of
effort, OCE has been widely used in ophthalmology includ-
ing the iris and retina, particularly the cornea.”’~* Previous
studies have proved the excellent capability of OCE for
quantifying corneal elasticity, as well as the clinical diagno-
sis significance of measuring corneal biomechanics.*
Given these promising results, it seems likely that OCE
can be an effective method to quantify corneal scar elastic-
ity, though there is no information available about this
subject.

This study explored the potential of OCE for quantifying
corneal scar elasticity for the first time. In our system, we
employed the acoustic radiation force (ARF) to realize non-
invasive, remote, localized, and high-speed dynamic exci-
tation. Moreover, ARF can achieve elasticity imaging with
higher signal-to-noise ratio (SNR) under smaller excitation

M T
L1
m
Sweptsource  C (99:1) Co Cl

463

Han etal. Quantifying corneal scar elasticity using ARF-OCE

voltages when compared with other excitation techniques
like air puff,”?® laser pulse,® acoustic micro-tapping,®
and piezoelectric transducer.”' In addition, with advantages
of high spatial resolution and high displacement sensitivity
and millimeter scale field of view, phase-resolved Doppler
OCT was applied for detecting tissue deformation.
Combination of ARF and OCT provides a localized point-
by-point elasticity imaging of corneal scar.

The system was first verified by an ex vivo rabbit model,
where the two dimensional (2D) structural images and elas-
tic wave propagations from the healthy cornea were
obtained. The corresponding Young’s modulus was quan-
tified accordingly. Based on this, experiments were con-
ducted on an ex vivo human eye with corneal scar. As
expected, both the 2D structural image and Young’s mod-
ulus were acquired. To better analyze the distinctness of
biomechanical properties between the scarred region and
the normal region, 2D spatial distribution among elastic
modulus of the scarred cornea was depicted through data
post-processing.

Materials and methods

System configuration

Figure 1 depicts the schematic of the experimental setup,
where an ARF excitation unit was integrated to an OCT
system based on swept source (SS) laser. With the purpose
of inducing vibration, a 4.5MHz ultrasound transducer
was positioned 35 mm far from the cornea. Then, the trans-
ducer was aligned approximately orthogonally to the scan-
ning direction of the OCT beam, so that the transducer
would not block the OCT imaging view of the cornea.
Because SS-OCT systems possess much deeper penetra-
tion depth, enhanced SNR, and reduced phase washout
when compared with spectral domain OCT systems,* the
SS-OCT system was employed to capture the structure
images and the propagations of elastic wave. The central
wavelength, sweep rate, and output power of the laser are
1310nm, 50kHz, and 19 mW, respectively. The axial reso-
lution, lateral resolution, imaging depth, and SNR of the

C (50:50)
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Figure 1. Schematic of the ARF-OCE system.
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C: coupler; Co: collimator; C1 and C2: circulator; L1 and L2: lens; M: mirror; PDB: balanced amplified photodetector; GM: galvanometer mirrors; T: ultrasound
transducer; PBS: phosphate-buffered saline; FG: function generator; AM: ampilifier. (A color version of this figure is available in the online journal.)
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system were measured to be 6.71 pm, 15 pm, 4.2 mm, and
95 dB, respectively. The laser emitted light, which was split
with a 99/1 optical coupler and 99% of the light entered the
sample arm, while the rest 1% was transmitted to the ref-
erence arm. The output optical power of the sample arm
was measured 3.798 mW, which is up to the laser safety
standards of the American National Standard Institute
(Z136.1-2014). We see from Figure 1 that the sample
arm light traveled through a collimator, a 2D galvanometer
system and a scanning lens, which finally reached the
cornea. The reference arm light was firstly collimated
with a collimator and then attenuated by a slit, which
was finally reflected by a reflecting mirror. Ultimately, the
returned lights from the two arms interfered in a 50/50
coupler and the interference signal was detected by a bal-
anced photodetector. Furthermore, post data processing
was finished under the C++ circumstance.

The / trigger of the swept source laser was used to syn-
chronize ARF excitation and OCT detection, which is illus-
trated in Figure 2. A baseline signal from the computer was
used to trigger the function generator (Tektronix
AFG31102) to generate a modulated sinusoid wave signal,
which was then amplified by a power amplifier
(SPANAWAVE PAS-00023-25). Finally, the signal was
applied to driving the ultrasound transducer to generate
the ARF. The M-B mode scanning with a data sampling
interval of 20 ps was employed in the system. Each
M-scan consists of 500 A-lines and one ARF trigger, with
a total time of 10 ms. One B-scan is achieved by combining
the same M-scan at 1000 lateral locations, which takes 10 s.
Furthermore, the 2D galvanometer was used to move the
detection light from one location to the next location so as to
conduct the same operation when one M-scan was finished.

OCE image

ARF trigger

Mechanical characterization

This paper used phase-resolved Doppler algorithm to
reconstruct elastic wave propagation at each location.
According to the algorithm, phase information can be
extracted from the raw data using Hilbert transformation.
And thus, we can obtain the phase change between adja-
cent A-lines with following equation®*

Im(Fy x Fp,.q) 1
Re(Fu x Fy 1) @
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where F,, and F,, are the complex signals at a given posi-
tion and its adjacent position, respectively, and F*,,. is the
conjugate complex of F,.4. Im() is the imaginary part
and Re() is the real part of the OCT complex
signal. Displacement change could be calculated using
equation (2)
40
Ad = - Ag (2)

Since corneal thickness (about 480-550 um)® is small
compared with the wavelength of the induced elastic
wave, elasticity quantification was carried out using
Lamb wave model. According to the elastic wave
theory,® the Lamb wave velocity in the cornea can be
described with equation (3)
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Figure 2. Timing diagram of the M-B scanning mode.

1000 positions

ARF trigger: trigger signals for synchronizing the ARF excitation; A-line trigger: trigger signals from the laser for synchronization of data acquisition; 500 A-lines
consist of one image; Galvo (X-axis): signals for the x-axis galvanometer scanner to employ M-B mode scan. (A color version of this figure is available in the online

journal.)



where f, h, and Vs respectively represent the wave fre-
quency, corneal thickness, and shear wave velocity.
According to the equation E=3xpx V2 the
Young’'s modulus of the cornea could be calculated using
equation (4)

9o x V}
E*(nxth)z @

where p denotes corneal density (1087 kg/m> for human
cornea and 1062 kg/m? for rabbit cornea).””

Sample preparation

Before experiments, we have got the required law ethics
approval from the Ethics Committee of Nanchang
Hangkong University.

Two New Zealand white rabbit eyes were sampled
within 2 h after euthanasia and were studied within 2h to
avoid corneal edema. After removal of periocular connec-
tive tissues, the eyeball was fixed on an agar phantom to
minimize sample movement. Moreover, in order to main-
tain the normal physiological morphology of the cornea, as
well as to provide a medium for acoustic wave propaga-
tion, both the eyeball and the ultrasound transducer were
immersed in phosphate-buffered saline (PBS) during the

Figure 3. 2D OCT structural image of ex vivo healthy rabbit cornea.
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imaging process. Furthermore, the surface of the cornea is
about 400 um far from the surface of the PBS.

A human eye with corneal scar was provided by the Eye
Bank of Zhongshan Eye Center, Sun Yat-sen University. The
eye was also fixed on an agar phantom and immersed in
PBS for the same reason as the ex vivo rabbit eye experi-
ment. When the elasticity measurement was finished, the
cornea was prepared for histological analysis.

Results

Ex vivo rabbit imaging

To examine the efficacy of our system for evaluating corneal
elasticity, experiments on the ex vivo healthy rabbit eyes
were performed. Figure 3 displays the 2D OCT B-scan
image of the rabbit cornea with a thickness of 400 pm. To
demonstrate the elastic wave propagation, time-lapse
Doppler OCT images were acquired based on equations
(1) and (2), as shown in Figure 4, where different colors
indicate the vibration directions and the vibration displace-
ment in a time interval. The phase change caused by ARF
can be observed in Figure 4 (b) (indicated by a white
arrow), where an elastic wave was induced and then prop-
agated to both sides of the cornea (indicated by white
arrows in Figure 4 (c)).

Figure 5 demonstrates the spatiotemporal Doppler OCT
image of the cornea at one selected depth, which was

500 pm

d: 3.00 ms

%00 pm

e: 3.50 ms

00 pm

I: 4.00 ms

0.24 pm

S00 pm +0.24 pm

Figure 4. Ex vivo healthy rabbit cornea experiment result. (a)-(f) maps of elastic wave propagation at different times. Different colors corresponded to different
vibration directions and the vibration displacement. The direction of wave propagation is depicted by the white arrows in Figure 4(c). (A color version of this figure is

available in the online journal.)
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Figure 5. Spatiotemporal Doppler OCT image of ex vivo healthy rabbit cornea at a selected depth. The direction of wave propagation is depicted by a white arrow. (A

color version of this figure is available in the online journal.)

Figure 6. 2D OCT structural image of ex vivo human scarred cornea. The scar is depicted by a yellowish rectangle.

achieved by reslicing the time-lapse Doppler OCT image.
The elastic wave velocity was obtained by calculating the
slope of Figure 5, corresponding to a value of 4.08 m/s. Asa
result, the Young’s modulus of 53.1kPa was determined
using equation (4).

Ex vivo human cornea imaging

After verifications, the same method was employed to per-
form OCE imaging on the ex vivo human scarred cornea.
The 2D structural OCT image of the scarred cornea with a
thickness of 832 um is shown in Figure 6, where the corneal
scar can be distinguished, but the structure is not yet very
clear, as depicted by a yellowish rectangle.

Subsequently, the elastic wave propagations at different
times were obtained, and the propagation direction was
indicated by a white arrow, as shown in Figure 7. In
order to detect the difference of biomechanical properties
between the scarred region and the normal region, spatio-
temporal Doppler OCT images of the two regions were
achieved, as shown in Figure 8(a) and (b), respectively.
Accordingly, the Lamb wave velocities were respectively
calculated to be 8.19m/s and 9.51 m/s, and the correspond-
ing Young’'s modulus were 219.20kPa and 294.9kPa,
respectively.

To offer more intuitionistic information of the elasticity
difference, 2D spatial distribution of Young’s modulus of
the scarred cornea was built by determining the Young's
modulus of different locations of the cornea using the same
method mentioned before. As shown in Figure 9(a), the
contrast between the two regions was clearly

demonstrated, and the scar could be clearly identified,
which is in tune with the result of histologic analysis, as
shown in Figure 9(b).

Discussion

Millions of people around the world suffer from corneal
scar caused by many corneal diseases and some types of
corneal surgery.®® This suggests that there is an urgent need
for careful analysis of corneal scar by using efficient ways to
monitor the pathologic process of the diseases and to
improve clinical treatments. Studies on corneal scar have
been widely reported, but biomechanical properties of the
scar tissue have not been involved, although they are close-
ly linked to the pathology of corneal disorders and the effi-
cacy of corneal surgery.””*’

In this paper, an ARF-OCE system was proposed to
detect biomechanical properties of corneal scar. To demon-
strate the ARF-OCE method, we first tested on a healthy ex
vivo rabbit model where the 2D OCT image of the cornea
and elastic wave propagations were obtained.
Furthermore, the Young’s modulus was 53.1kPa, similar
to the results of previous research,*! which verified the
capability of our system for accessing corneal elasticity.
Then, the ex vivo experiments were conducted on a
human scarred cornea, in which both the structural feature
and elastic wave propagation were mapped. The resulting
Young’s modulus of the normal corneal region was calcu-
lated to be 294.9kPa, which is well consistent with the
results reported by other groups.*? It is noteworthy that
the value is higher than that of the scarred region
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Figure 7. Ex vivo human scarred cornea experiment result. (a)—(f) maps of elastic wave propagation at different times. Different colors corresponded to different
vibration directions and the vibration displacement. The direction of wave propagation is depicted by a white arrow in Figure 7(a). (A color version of this figure is

available in the online journal.)
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Figure 8. Spatiotemporal Doppler OCT images of ex vivo human scarred cornea. (a) Image of the scarred region and (b) image of the normal region. The direction of
wave propagation is depicted by a white arrow. (A color version of this figure is available in the online journal.)

(a)

19.2 kPa

Figure 9. (a) 2D spatial distribution of Young’s modulus of human scarred cornea, scale bar, 700 um, (b) (H&E) staining image, scale bar, 420 um. (A color version of

this figure is available in the online journal.)

(219.20kPa), indicating that the scar tissue is softer than
the normal tissue, which is coincident with the conclu-
sions in previous publications.*® To further evaluate this
difference, 2D spatial distribution of Young’s modulus of
the scarred cornea was constructed. It can be found that
the right part of the scar is softer than the normal corneal
region, while the Young’s modulus of the left part is close
to or even a little bit higher than that of the normal tissue,

suggesting that the left part is already mature.’ Moreover,
the scar can be distinguished more clearly in the elasticity
distribution map than in the 2D OCT image. The results
prove the capability of system for quantifying corneal
scar elasticity. With advantages of high resolution, real-
time processing, high-speed imaging noncontact, and
high sensitivity, this system is promising in clinical
Ppractice.
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Although the efficacy of ARF-OCE for elasticity imag-
ing of corneal scar has been verified in this paper, there
are still several challenges need to be overcome for trans-
lating this technique into practice. (1) The resolution
needs to be improved for detailed information acquire-
ment, which can be solved by using a laser with a shorter
wavelength and a broader bandwidth according to the
OCT principles.** (2) The imaging speed must be
enhanced to minimize the artifacts, which results from
bulk motion caused by in vivo studies, and to shorten
detecting time. A laser with a faster repetition rate can
be a good solution to overcome this problem. (3) The
algorithm we used ought to be further optimized to
enhance displacement sensitivity. When the system opti-
mization is completed, experiments will be performed on
in vivo animal models with corneal scar resulted from
experimentally induced corneal diseases or corneal sur-
gery. The relationship between changes in biomechanical
properties of corneal scar and progression of the diseases
or recovery period of the surgery will be carefully ana-
lyzed. Then, ARF-OCE will be applied to in vivo human
scarred corneas by using the same analytical method.
Based on this, the elasticity information of corneal scar
can help clinicians gain a better understanding of the
pathological process in corneal diseases as well as guide
corneal surgery treatment.

Conclusions

In this study, the first elasticity quantification of corneal
scar has been reported. The proposed ARF-OCE system
has been validated in an ex vivo human eye, and we
obtained the 2D structural OCT images, the elastic
images, as well as the Young’s modulus. To better assess
biomechanical properties of the scarred cornea, the 2D spa-
tial distribution of Young's modulus was mapped.
Accordingly, more detailed information about elasticity
comparison between the scarred and normal regions, as
well as elasticity alteration within the scar was achieved.
Our results indicate that ARF-OCE could be an effective
way to rebuild biomechanical properties of corneal scar
and may be applied in clinical ophthalmology with further
development and optimization.
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