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Purpose: Quantification of biomechanical properties of keratoconus (KC) corneas has
great significance for early diagnosis and treatment of KC, but the corresponding clini-
cal measurement remains challenging. Here, we developed an acoustic radiation force
(ARF) optical coherence elastography technique and explored its potential for evaluat-
ing biomechanical properties of KC corneas.

Methods: An ARF system was used to induce the tissue deformation, which was
detected by an optical coherence tomography system, and thus the localized point-
by-point Young’s modulus measurements were achieved. Then, two healthy rabbit eyes
were imaged to test the system, after which the human keratoconus cornea was evalu-
ated by using the samemethod. Three regions were selected for biomechanics analysis:
the conical region, the transitional region, and the peripheral region.

Results: Young’s moduli of transitional region ranged from 53.3 to 58.5 kPa. The corre-
sponding values for the peripheral region were determined to be 58.6 kPa and 63.2 kPa,
respectively. Young’s moduli of the conical region were gradually increased by 18.3%
from the center to the periphery, resulting in theminimumandmaximumvalues of 44.9
kPa and53.1 kPa, respectively. Furthermore, Young’smoduli of the anterior andposterior
of the center were determined to be 44.9 kPa and 50.7 kPa, respectively.

Conclusions: Differences in biomechanical properties between the three regions and
slight variations within the conical region were clearly distinguished. Biomechani-
cal weakening of the keratoconus cornea was mainly localized in the conical region,
especially in the vertex position.

Translational Relevance: The system may provide a promising clinical tool for the
noninvasive evaluation of local corneal biomechanics and thus may have potential
applications in early keratoconus detection with further optimization.
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Introduction

Biomechanical properties of the cornea, which
originate from the corneal microstructure, are used to
maintain its structural strength and proper geometry,
so as to protect the fragile intraocular contents.1–3
Increasing evidence shows that changes in the
microstructure such as the abnormality of colla-
gen fibrils (CFs) and proteoglycans (PGs) can result
in various corneal diseases.4–6 Therefore, a careful
assessment of the corneal biomechanics can be used to
study, diagnose, and treat the related disorders, such
as keratoconus (KC).7

KC is a progressive, bilateral, asymmetric eye
disease and is the most common form of corneal
ectasia.8,9 Advanced KC is mainly manifested as an
apical cone-shaped protrusion of the cornea. Accord-
ing to the research of pathology, there is a close
relationship between the corneal biomechanics and
KC.4,5,10 The results indicate that degeneration of
PGs and breakage of CFs weakened biomechanical
properties of the cornea, and thus the corneal struc-
ture became unstable. Moreover, corneal biomechanics
have been demonstrated to be reduced in keratoconus
compared to normal corneas.11,12

KC has annual incidence of 1:7500 with an
estimated prevalence of 1:375.2.13 It is usually devel-
oped in adolescence or early adulthood. Initially,
most patients are asymptomatic, but the visual acuity
progressively declines, resulting in significant vision
loss due to the development of irregular astigma-
tism, higher-order aberration, and corneal thinning.14
Generally, the progression of the disease can be
halted by increasing corneal stiffness through corneal
crosslinking (CXL).15,16 Treatment such as CXL in the
early stages of KC can minimize visual loss. There-
fore, early diagnosis offers the best opportunity for
effective clinical management. At present, the auxil-
iary methods for diagnosing keratoconus are mainly
corneal topography and corneal tomography.17 Both
methods can be used to detect morphologic changes
in the cornea. The Pentacam device has allowed for
relatively early diagnosis by providing a range of
parameters, including corneal aberrometry, elevation,
thickness, and curvature.18,19 However, studies have
shown the alternation of corneal biomechanics in KC
may occur before its morphologic changes.20–23 As a
result, detecting biomechanical properties may lead to
a better diagnostic efficacy.7

Two clinically available devices for the detection of
corneal biomechanics are an ocular response analyzer
and corneal visualization Scheimpflug technology.24–26
Both devices can provide the overall information by
measuring the corneal deformation response follow-

ing a fast air pulse, but neither can measure the local
corneal biomechanics. However, according to the refer-
ence,27–30 the hypothesis that the initiating change of
KC is a focal reduction in biomechanical properties
has been supported.21 Thus, the local measurement
techniques of corneal biomechanics may enable the
earlier diagnosis of KC.

Elastography is a well-established method that
measures local biomechanical properties of ocular
tissues by detecting local tissue perturbations caused
by external excitations.31–33 The techniques based on
magnetic resonance, ultrasound, and optical coher-
ence tomography (OCT) have been widely used
in biomechanics measurements.34–36 However, both
magnetic resonance and ultrasound techniques have
a relatively low spatial resolution, which limits their
further application. With much higher spatial resolu-
tion and sensitivity, optical coherence elastography
(OCE) that employs OCT to detect local deforma-
tions is particularly suited for biomechanics imaging
of ocular tissues.37,38 Additionally, there are many
excitationmechanisms, such as laser pulse,39 air-puff,40
and acoustic radiation force (ARF). Among them,
ARF can provide noninvasive, localized, high-speed,
and low-voltage excitation. Therefore, several groups
have developed the ARF-OCE system for biome-
chanical analysis of ocular tissues,41–44 especially the
cornea.41,44 Previous studies have shown that local
biomechanical properties of healthy corneas can be
precisely quantified, which suggests that ARF-OCE
could be a practice method to measure biomechani-
cal properties of the keratoconus cornea. In addition,
ARF-OCE quantifies the corneal biomechanics by
measuring Young’s modulus, which represents the
capacity of a material to resist elastic deformation, and
is a classic biomechanical parameter.20,21 Moreover,
previous studies have shown that corneal Young’s
modulus has better predictability in detecting patients
with early keratoconus.45

In this preliminary work, we developed an ARF-
OCE system and explored its possibility of detecting
the local Young’s modulus of the keratoconus cornea.

Materials and Methods

System Setup

Figure 1 shows the ARF-OCE system where ARF
was used to induce an elastic wave, which was captured
by a swept-source OCT system. The swept-source laser
used in the system has a central wavelength of 1310 nm,
a sweep frequency of 50 kHz, and an average power
of 19 mW. The light emitted from the laser was split
into two beams through the 99:1 fiber coupler and
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Figure 1. Schematic of the ARF-OCE system.

transmitted to the sample arm and the reference arm,
respectively. In the sample arm, the circulator, colli-
mator, dual-axis galvo system, and objective scanning
lens were used to focus the light onto the sample. In
the reference arm, the light was finally reflected by the
reference mirror after traveling through the circulator
and collimator. The backscattered and reflected lights
from the two arms were gathered into the 50:50 coupler
to produce interference signals that were recorded by a
balanced photodetector.

The ARF excitation system includes a ring array
ultrasound transducer, a function generator, and a
broadband power amplifier. The working mechanism
of the system can be summarized as follows. The
function generator was triggered by baseline signals
from the computer to createmodulated sinusoidal wave
signals, which were amplified by the broadband power
amplifier. Finally, the amplified signals were employed
to drive the ultrasonic transducer to generateARF. The
–6 dB focal spot size of the transducer was 0.78 mm
(axial) and 0.70 mm (transversal).

Data Processing

The ARF-OCE system was operated in the M-B
mode, wherein 500 A-lines were acquired in sequence
at the same position (one M-scan). At each position,
the ARF excitation was performed during the 101st
and 120th A-lines. Furthermore, the ARF excitation
and OCT detection were synchronized by using the λ

trigger signal from the laser. After one M-scan was
completed, the dual-axis galvo system was applied to
move the OCT beam to the next position to perform
the sameM-scan. Finally, 1000 M-scans at 1000 lateral
positions formed one B-scan image.

The Lamb wave model was used to quantify the
biomechanical properties since the corneal thickness
is small when compared with the wavelength of the
generated elastic wave.46 Equation (1) was employed
to calculate the Lamb wave velocity ( VL) based on the

elastic wave theory47:

VL =
√

π × f × h ×Vs√
3

(1)

where f, h, andVs represent the wave frequency, corneal
thickness, and wave velocity, respectively.

With the relationship betweenYoung’smodulus and
shear wave velocity (E = 3 × ρ ×V 2

s ), the Young’s
modulus of the cornea can be described with
Equation (2):

E = 9ρ ×V 4
L

(π × f × h)2
(2)

where ρ denotes the corneal density (1087 kg/m3 for
human cornea and 1062 kg/m3 for rabbit cornea).48

Sample Preparation

The Ethics Committee of the Third Affiliated
Hospital of Nanchang University reviewed and
approved all experiments conducted in this study.

Figure 2. Slit-lamp photograph (diffuse illumination) of the eye
revealed ectasia in the central cornea.
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Figure 3. Corneal topography shows the characteristics of keratoconus.

Two rabbit eyes were harvested from aNew Zealand
white rabbit within 1 hour following euthanasia. Then,
the OCE detection was carried out after removing
peripheral tissues such as the ocular muscles and fat.
To avoid corneal edema and hydration, experiments
should be performed as soon as possible. In order to
avoid eyeball shaking, the eyeball was securely fixed
to an agar phantom throughout the measurement.
Moreover, both the eyeball and the ultrasound trans-
ducer should be immersed in phosphate-buffered saline
to preserve the normal physiologic morphology of the
cornea and to provide a medium for ultrasound trans-
mitting.

The human cornea was obtained from a KC patient
who had undergone penetrating keratoplasty. Results
of the preoperative examination are illustrated in
Figures 2 and 3. The sample was stored at 4°C in
Optisol-GS (Bausch & Lomb, NY, USA; 50006-OPT)
before the OCE imaging. Then, it was mounted in

the Moria artificial anterior chamber and immersed in
balanced salt solution (BSS) for the same reason as the
rabbit cornea. After the experiment, theKC cornea was
sent to the pathology laboratory for histologic analysis.

Results

Healthy Rabbit Cornea

According to our measurements, the axial resolu-
tion, lateral resolution, imaging depth, and signal to
noise ratio (SNR) were determined to be 6.71 μm,
15 μm, 4.2 mm, and 95 dB, respectively. The ARF-
OCE system was first tested on healthy rabbit
eyes to verify its capability to assess biomechani-
cal properties of the cornea. The two-dimensional
OCT image of the rabbit cornea was obtained,
as shown in Figure 4. Subsequently, the time-lapse
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Figure 4. Two-dimensional OCT image of the healthy rabbit
cornea.

Doppler OCT images were depicted in Figure 5
to visualize the elastic wave propagation, in which
different colors represent different vibration directions.
The position where the elastic wave was induced can
be clearly observed in Figure 5a, which is marked by
a white arrow. When the elastic wave was produced, it
propagated to both sides of the cornea, as indicated by
the red arrows.

In order to quantify the Young’s modulus, the
spatiotemporal Doppler OCT image of the rabbit
cornea was mapped by reslicing the Doppler OCT
images. As shown in Figure 6, the horizontal axis and
vertical axis represent the propagation distance and
the propagation time of the elastic wave, respectively.
Therefore, the elastic wave velocity was determined to
be 4.03 m/s by calculating the slope of Figure 6. Then,
the Young’s modulus of 50.3 kPa was achieved by
using Equation (2).

Human Keratoconus Cornea

After successful validations, the OCE imaging was
performed on the ex vivo human cornea with KC.

Figure 6. Spatiotemporal Doppler OCT image of the healthy rabbit
cornea.

Figure 7 shows the two-dimensional structural image,
where the cone-shaped protrusion region (conical
region) can be distinguished, which is consistent with
the result of histology (Fig. 8). Furthermore, to better
evaluate biomechanical properties of the sample, the
other two regions were also selected for analysis, includ-
ing the transitional region and peripheral region. The
spatiotemporal Doppler OCT images of the three
regions were obtained by reslicing the time-lapse
Doppler OCT images (Fig. 9), as shown in Figures 10a,
10b, and 10c, respectively. Consequently, the elastic
wave velocities were determined to be 3.98 m/s, 4.23
m/s, and 4.41 m/s by calculating the slope of the
spatiotemporal images, resulting in the Young’s moduli
of 49.1 kPa, 55.4 kPa, and 60.3 kPa, respectively. The
result shows that the conical region has the softest
tissue, followed by the transitional region and periph-
eral region in succession. With the purpose to achieve
more information about the difference of corneal
biomechanics, the two-dimensional distribution image
of Young’s modulus was depicted by directly mapping

Figure 5. Time-lapse Doppler OCT B-scans of the healthy rabbit cornea.
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Figure 7. Two-dimensional OCT image of the human keratoconus cornea.

Figure 8. Hematoxylin and eosin staining at 4× magnification,
with central thinning and bulging of the corneal stroma consistent
with keratoconus.

the Young’s modulus to the corresponding structure
point to point, as shown in Figure 11. It can be found in
the image that the values ranged from 44.9 to 53.1 kPa
in the conical region, 53.3 to 58.5 kPa in the transitional
region, and 58.6 to 63.2 kPa in the peripheral region. In
addition, Young’s moduli of the anterior and posterior

of the center of conical region were determined to be
44.9 kPa and 50.7 kPa, respectively.

Discussion

In this preliminary study, to the best of our knowl-
edge, we have provided the first example that uses an
ARF-OCE system to quantify biomechanical proper-
ties of a human keratoconus cornea. Experiments were
first conducted on healthy rabbit corneas, in which the
two-dimensional OCT images and elastic wave propa-
gations were mapped, and then the elastic wave veloc-
ity was determined. As a result, the Young’s modulus
was calculated to be 50.3 kPa, which is coincident with
the earlier research,49 suggesting the feasibility and
reliability of our system for measuring corneal biome-
chanics. Based on this, a human keratoconus cornea
was carefully studied by using the same method. It
was found in the two-dimensional OCT image that the
conical region could be observed, but it did not have
a clearly defined boundary. According to the quanti-
tative relationship between elastic wave velocity and
elastic modulus, Young’s moduli of the conical region,
transitional region, and peripheral region (Fig. 7) were
quantified. Among them, the conical region showed the
smallest value, followed by the transitional region and
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Figure 9. Time-lapse Doppler OCT B-scans of the human keratoconus cornea.

Figure10. SpatiotemporalDopplerOCT imagesof thehumankeratoconus cornea. (a) Conical region, (b) transitional region, and (c) periph-
eral region.

peripheral region. Moreover, Young’s modulus (60.3
kPa) of the peripheral region agreed well with that of
the healthy human cornea.50 This can be attributed
to the fact that there is an obvious decrease of fiber
density in the conical region.51 In order to achieve
more detailed distribution of biomechanical proper-
ties, two-dimensional Young’s modulus distribution
was achieved by directly mapping the elastic modulus
to the corresponding structure point to point. Accord-
ingly, the high contrast between the three regions was
achieved, which made us distinguish the conical region
more exactly. Furthermore, slight variations within
conical region could also be identified. For example,
the Young’s modulus as gradually increased by 18.3%
from the center to the periphery. The corresponding
minimum and maximum Young’s moduli were calcu-
lated to be 44.9 kPa and 53.1 kPa, respectively. It also
could be found that the moduli of the anterior and

posterior of the center were almost the same based on
the color bar. Actually, the moduli were not exactly the
same because of the color resolution limitation. The
Young’s moduli were determined to be 44.9 kPa and
50.7 kPa, respectively, indicating that the anterior was
softer than the posterior. More biomechanics infor-
mation also was revealed in the peripheral region,
such as the minimum and maximum Young’s moduli,
which were respectively calculated to be 58.6 kPa and
63.2 kPa. It is noteworthy that the transitional region
located between the conical region and peripheral
region could be clearly observed, where the Young’s
moduli changed from 53.3 kPa to 58.5 kPa. The results
indicate that our method can realize the spatial distri-
bution of theYoung’smodulus of keratoconus corneas,
where the detailed differences in the Young’s modulus
within and between the three regions could be precisely
identified. This means that our system can identify
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Figure 11. Two-dimensional distribution image of the Young’s
modulus of the human keratoconus cornea. Different colors corre-
spond to different values of the Young’s modulus, as indicated by
the color bar.

local differences in corneal Young’s modulus with high
spatial resolution and sensitivity and thus has the
potential to detect focal changes in corneal biomechan-
ics of early keratoconus. With further optimization,
our system may be useful to diagnose early KC, as the
focal weakening in corneal biomechanics is a promis-
ing early diagnostic indicator.30 Our work takes the first
step toward this goal.

According to the related studies, certain degrees of
cornea hydration were inevitable during our ex vivo
experiments. However, the human keratoconus cornea
was obtained immediately after penetrating kerato-
plasty, and thus the corneal endothelial cells were
retained. Therefore, its activity could be maintained
by using Optisol GS before the experiment, which
is conducive to preserving the cornea in a relatively
dehydrated state.52,53 Additionally, BSS was used to
preserve the normal physiologic morphology of the
cornea and minimize its hydration degree. As a result,
although hydration has an impact on the biomechan-
ical properties, our results are still valuable for clinical
research.

StandardCXL,54 which effectively halts the progres-
sion of keratoconus by enhancing corneal rigidity, has
been used in clinical practice for over 15 years.15,16
However, the surgery involves extensive removal of
central corneal epithelial and ultraviolet irradiation
over the entire surface of the cornea, resulting in many
complications such as infections and ulcerations.55,56
This could be attributed to the fact that previous
techniques were unable to quantify spatial variations

in the corneal biomechanics, while the key to treat-
ing KC depends on strengthening the biomechanical
properties of the conical region rather than that of
the entire cornea.21,28,57 Recently, a study used the
Scheimpflug-based densitometry mark to delimit the
corneal region affected in KC.58 It would be interest-
ing if the densitometry mark could be correlated with
the spatial distribution image of the corneal biome-
chanics. Our study has demonstrated the potential
of ARF-OCE for examinations of KC corneas. The
results indicate that the biomechanical weakening is
local, which mainly focuses on the small conical region,
particularly the vertex position. This agrees well with
the previous study.29,51 With the features of the ARF
excitation and OCT detection, our system can achieve
localized point-by-point Young’s modulus measure-
ments, thus potentially allowing the precise position of
the surgical area of the individual.

In this tentative study, although the efficacy of
ARF-OCE for Young’s modulus imaging of the
human keratoconus cornea has been validated, several
challenges still need to be overcome before translat-
ing the technique into clinical use. First, the current
mechanical index (MI) of the ARF used in our system
was about 1.0, higher than the US Food and Drug
Administration ophthalmic standard for a MI of 0.23.
However, the actual displacement induced by ARF in
the corneawas in the submicrometer range, whereas the
displacement sensitivity of our imaging system was in
the subnanometer range. This indicates that it is feasi-
ble to reduce excitation force by fivefold to achieve the
safetyMI and remain sensitive enough to obtain a suffi-
cient signal. Further tests will determine the minimal
excitation force while maintaining adequate mechan-
ical sensitivity. Second, the scanning speed must be
increased to minimize the motion artifacts during the
in vivo measurements, thus improving imaging quality.
Using a swept-source laser with a faster repetition rate
can provide a viable solution to this problem. Finally,
the used algorithm needs to be further improved to
accurately detect phase change with high sensitivity
and enable a more comprehensive image reconstruc-
tion. With the optimization and development of the
ARF-OCE, clinical experiments will be performed to
obtain data from various stages of KC corneas and
further validate the feasibility of our system for the
detection of early KC.

Conclusion

In this study, we proposed the ARF-OCE system
to quantify biomechanical properties of KC corneas.
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The feasibility and reliability of our system were first
verified with healthy rabbit eyes. Then, the measure-
ments were performed on the human keratoconus
cornea. As a result, the two-dimensional structure and
Doppler OCT images, as well as the corresponding
Young’s moduli, were acquired. Importantly, the two-
dimensional spatial distribution of Young’s modulus
was mapped, where detailed differences in biomechan-
ical properties within and between the selected regions
could be precisely identified. It is also found that
biomechanical weakening of the cornea was mainly
located in the conical region, especially in the vertex
position. Our findings suggest that ARF-OCE may
be a very useful method to evaluate biomechanical
properties of human keratoconus corneas and could
have applications in clinical medicine with further
optimization.
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