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ABSTRACT Assessment of corneal biomechanics for pre- and post-refractive surgery is of great clinical
importance. Corneal biomechanics affect vision quality of human eye. Many factors affect corneal biome-
chanics such as, age, corneal diseases and corneal refractive surgery. There is a need for non-invasive in-vivo
measurement of corneal biomechanics due to corneal shape preserving as opposed to ex-vivo measurements
that destructs corneal tissue. In this study, a new approach for assessing corneal biomechanics in-vivo non-
invasively using ultrasound estimation method with 100 KHz frame rate is proposed. Three models in
conjunction with each other are used to study the biomechanics behavior of corneal tissue pre- and post-
refractive surgery. These three models are cornea FEM, cornea scatterrer model and ultrasound transducer
model respectively. Nine different elastic moduli corneal models are constructed to achieve this goal;
140KPa, 300KPa, 600KPa and 800KPa as post-refractive surgerymodels and 1MPa, 1.5MPa, 2MPa, 2.5MPa
and 3MPa as pre-refractive surgery models respectively. Time-To-Peak (TTP) deformation, deformation
amplitude (DA), deformation amplitude ratio at 2 mm (DA ratio 2 mm) and shear wave speed (SWS) are
estimated for each of the nine involved corneal models in this study. Results show that TTP is decreasing
(6.9 msec. at 140KPa to 5.3 msec. at 3MPa) while increasing the elastic modulus of corneal tissue. Also,
DA is decreasing (2 mm at 140KPa to 0.5 mm at 3MPa), while increasing the elastic modulus as well.
However, DA ratio shows decrease while increasing of elastic modulus to reflect the difficulty of corneal
tissue to deform uniformly at higher elastic moduli. Estimated SWS shows an average accuracy of 98% of
the theoretical SWS.

INDEX TERMS Corneal biomechanics, ultrasonic biomechanics estimation, corneal post refractive surgery.

I. INTRODUCTION
Cornea is the transparent component of human ocular system
that acts as a protective part enveloping other human ocular
components such as lens. It preserves shape of human eye
and accounts for most of its refractive power [1], [2]. Shape,
transparency and uniformity of human cornea are important
factors when assessing its role to vision. However, human
vision degradation is caused by cornea shape alteration due to
age, corneal diseases and refractive surgery [1]. Developing
post-surgery ectasia is common among patients undergoing
refractive surgeries. Hence, assessing corneal biomechanics
post-refractive surgery is of great importance to ophthalmol-
ogists [3]–[5]. Refractive surgery outcomes are subjective to
corneal biomechanics [6]–[9].

The associate editor coordinating the review of this manuscript and

approving it for publication was Jingang Jiang .

Studying corneal behavior has been extensively investi-
gated by many models and techniques [10]. Age related
factors are studied in [11]–[13]. X-Rays diffraction is used to
investigate the inter-fibril spacing of stromal collagen fibrils
and inter-molecular spacing of collagen molecules in [11].
The inter-fibril spacing of stromal collagen is found to be
decreasing with age as reported in [12]. In the work presented
in [13], diameter of collagen fibrils is observed to be age
dependent, where there is a change of about 9% in subjects
older than 65 years old compared to those under 65 years
old. Cornea stiffness related to age is investigated in [14]
and [15], where the cornea is found to be stiffer when getting
older.

In terms of refractive surgery, myopic astigmatism is
achieved by small-incision lenticule extraction (SMILE) [15].
SMILE is claimed to have minimal effect on corneal biome-
chanics compared to other refractive surgeries such as
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TABLE 1. Mechanical Properties Of Human Cornea.

LASIK (laser-assisted in-situ keratomileusis) and femto-
LASIK (femto-second laser-assisted in-situ keratomileu-
sis) [16], [17]. SMILE has shown less effect on corneal
biomechanics than femto-LASIK [17]. Corneal safety and
sensitivity are studied in multiple studies [18]–[20]. LASEK
(laser-assisted sub-epithelial keratectomy) is reported to have
less effect on corneal biomechanics with minimal risk of
developing ectasia as well [21]. However, some cases are
reported to have corneal biomechanics alteration after per-
forming LASEK [22]. Moreover, both LASEK and SMILE
are reported to induce changes in corneal biomechanics,
where SMILE has the advantage of inducing less biome-
chanics changes than LASEK does due to the preservation
of stiffer anterior stroma [6].

Ultrasound techniques are used to estimate corneal biome-
chanics. The main algorithm for estimating soft tissue biome-
chanics is by acquiring a stack of deformed frames for the
tissue along with a reference frame utilizing high frame rate
B-mode imaging [23], [24]. Transient ultrasound acous-
tic radiation force impulse (ARFI) is applied by means of
ultrasound focusing techniques [25]. This ARFI generates
deformation wave inside tissue under study that alters the
characteristic of tissue’s mechanical properties such as,
Young’s modulus (E) and shear modulus (µ). This induced
shear wave speed is related to tissue shear modulus by
Eqn. (1) & (2):

C =
√
µ

ρ
(1)

µ =
E

2(1+ ϑ)
(2)

where C is the shear wave speed, µ is the shear modulus, ρ is
the density in Kg/m3, E is the Young’s modulus and ϑ is the
Poisson ratio for tissue under investigation respectively.

Supersonic Time-Of-Flight (TOF) [26], [27], Lateral
Time-To-Peak (TTP) [28], [29] or cross correlation [29]–[32]
algorithms are implemented to estimate the speed of
the resulting tissue deformation wave; i.e. Shear Wave
Speed (SWS).

Till now, there is no non-invasive technique for clinical
ultrasound in-vivo device that is used to assess the corneal
biomechanics as a single modality combining the pushing
element and the imaging element. All available approaches
are still proof of concepts and utilize two different elements,
external one for generating the push and another one for
capturing the deformed frames [33]. Even, these approaches

do not give spatial distribution for the corneal biomechanics,
instead they give a mean estimate for the whole cornea tissue
area.

In our research, we propose a new technique where the
same ultrasound transducer is used to generate highly local-
ized ARFI to act as internal actuator to induce tissue defor-
mation and to perform B-mode imaging procedure to capture
the propagation of the deformation wave. In our research
also, we can continuously change the investigated zone of
cornea to cover the whole cornea area and to obtain a spatial
distribution of cornea biomechanics.

In this paper, a 3D FEM in conjunction with 2D scatterrer
model for human cornea and an ultrasound transducer model
are implemented to study the effect of post-refractive surgery
on the biomechanics of corneal tissue using ultrasound
B-mode imaging. Different elastic moduli are assigned to the
3D FEM to simulate different cornea tissue biomechanics [1],
[27], [34], [35]. Cornea dimensions are adopted frommedical
literature for average human cornea [36], [37].

The paper is organized as follows, section I gives an
introduction about the cornea, their biomechanics effect and
related refractive surgeries, and a brief survey on ultra-
sound techniques used for assessing corneal biomechan-
ics. Section II shows a full description for the proposed
approach. Section III describes the methodology of how the
three proposed models interact with each other and the acqui-
sition sequence and the shear wave speed estimation method.
Experimental results are reported in section V. Finally, dis-
cussion and conclusion are presented in sections VI and VII
respectively.

II. THE PROPOSED APPROACH
Our proposed system is visualized in Fig. 1(a) where the ultra-
sound transducer is used on top of the human eye lid [38]. The
same ultrasound transducer is used to generate the ARFI and
to perform the B-mode imaging procedure. The ultrasound
transducer will be fixed in the same position during the whole
corneal biomechanics estimation process. At the beginning of
the estimation process, the transducer is used to generate the
ARFI at the corneal apex, then the ordinary B-mode imaging
procedure is initiated to capture the departing deformation
wave across the lateral direction.

The proposed algorithm for estimating corneal biome-
chanics for each elastic modulus is presented in the block
diagram shown in Fig. 1(b). It shows three main blocks:
First block resembles the mechanical model of the cornea,
the second resembles the ultrasound transducer model and the
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FIGURE 1. Block diagram of the proposed approach.

FIGURE 2. (a) Vertical cross section of human cornea 3D FEM, (b) Its corresponding Mesh.

third resembles the scatterrer model of the cornea. The three
models are mutually interacting with each other to produce a
deformed video stack of the cornea.

A. CORNEA MECHANICAL FEM
A vertical cross section for the human cornea is modeled as
3D FEM and shown in Fig. 2 (a). The model dimensions
are assigned to be equal to those of average human cornea
440 µm to 650 µm with an average of 540±30 µm [40, 41].
The mechanical properties are set to those of cornea pre- and
post-refractive surgery and are listed in Table 1. Triangular
mesh is used by COMSOL software to mesh the volume
of the cornea model. The mesh is set to be narrower at the
volume of interest for obtaining accurate results and wider at
the remaining volume to speed up the processing time. The
cornea mesh is shown in Fig. 2 (b).

FIGURE 3. Cornea 2D plan view.

B. FEM DRAWING
Human cornea is modeled using FEM as a vertical cross
section to simulate its behavior for pre- and post-refractive
surgery. As a consequence, corneal biomechanics changes
from pre-refractive to post-refractive surgery in terms of
Young’s modulus. This change affects cornea behavior to
external applied forces. The FEM is constructed from two
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TABLE 2. Geometrical Dimensions of Human Cornea.

FIGURE 4. a) Fixed boundaries as iris ciliary muscle, b) Focal point where ultrasound transient force
is applied.

TABLE 3. Ultrasound transducer parameters.

intersecting shapes, a circle and an ellipse in the 2D plan.
Then the intersection is revolved around the z-axis to con-
struct the volume of the model. Complete model in 2D plane
drawing is presented in Fig. 3 and its dimensions are listed
in Table 2.

C. FEM SOLID MECHANICS
Isotropic linear visco-elastic approach is adopted for this
model as it simulates Kelvin-Voigt mathematical model effi-
ciently in Finite Element Analysis (FEA) software. Peak
ARFI is applied at the apex of the cornea which is set to be at
the focal point of the ultrasound beam. The fixed boundaries
simulating the behavior of the ciliary muscles of cornea are
set to be in the lower face of the cornea at 6 vertex points.
This is shown in Fig. 4.

D. ULTRASOUND TRANSDUCER MODEL
Ultrasound transducer is used to generate the internal push
inside the cornea tissue that induces tissue deformation.
As well it is used to perform B-mode imaging on the
deformed tissue at subsequent time stamps to capture the
propagation of the deformation wave. Therefore, the ultra-
sound transducer performs two functions in the transient
elastography procedure, internal actuator for inducing tissue
deformation and imaging to capture the induced displacement
propagation.

In this model, two toolboxes in MATLAB are used to sim-
ulate the behavior of the ultrasound transducer in both cases
of generating the ARFI and performing the B-mode linear
imaging procedure. FOCUS toolbox is used for simulating
the ultrasound transducer while generating the ARFI. How-
ever, Field II toolbox is used for simulating the ultrasound
transducer imaging procedure. The transducer parameters
used in both simulations are listed in Table 3.

The purpose of the ARFI is to generate a highly localized
ultrasound push inside the tissue. This localization gives rise
to quantitative estimation of tissue’s mechanical properties.
The imparted ultrasonic power due the focused push dampens
highly around the focal push location in all direction exponen-
tially. The generated ARFI induces cornea tissue to deform
yielding a deformation (displacement) wave that propagates
away from the focal point. The generated wave is considered
to be the shear wave.

Fast Near field Method (FNM) method from FOCUS
toolbox is used to simulate the ultrasound linear transducer
behavior while generating the ARFI. Pressure map is simu-
lated for the ultrasound transducer and is presented in Fig. 5.
The focal point is set to be around 28.5 mm in the axial
direction (depth direction). The focal point is that point where
the peak ultrasound pressure generated from the transducer
is applied inside the tissue. It is the imparted ultrasonic pres-
sure that is responsible for inducing the tissue deformation
and hence the shear wave. We have simulated the trans-
ducer 2D pressure map, transverse cross-sectional pressure
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FIGURE 5. Simulated 2D pressure map for ultrasound transducer model.

distribution across the 2D map at different axial depths, focal
axial pressure at the center and the average axial pressure.
In addition, focal axial intensity, average axial intensity, focal
axial force and average axial force are simulated as well.
The resulting force field is then applied to the 3D FEM to
induce deformation and to simulate tissue behavior to such
applied force for different elastic moduli. Tissue deformation
at different consecutive time frames is then picked up by
using the B-mode imaging with the ultrasound transducer
model implemented by Field II toolbox. The force is applied
for about 1 msec. and the B-mode imaging procedure starts
just after applying of the ARFI. Captured B-mode images
resulting from imaging the wave propagation gives rise to an
estimate of the shear wave speed (SWS) that is related to the
tissue biomechanics.

The 2D pressure distribution is shown in Fig. 5. where
the highest pressure value is observed around the preset
focal point of 28.5 mm. Multiple transverse cross-sectional
pressure distributions at different focal planes are shown
in Fig. 6(a) where again the highest smoothest pressure dis-
tribution is observed at 33.35 mm which is the closest focal
plane to the focal point. Pressure axial distribution at the
focal beam (blue line) along with the averaged pressure axial
distribution (red line) are shown in Fig. 6(b) where the peak
axial pressure value is observed at 28.5 mm which is coin-
cident with the preset focal point. Intensity axial distribution
at the focal beam (blue line) along with averaged intensity
axial distribution (red line) are shown in Fig. 6(c) where
peak intensity axial value is observed at 28.5 mm. Acoustic
axial force distribution at the focal beam (blue line) along
with averaged force axial distribution (red line) are shown
in Fig. 6(d) where acoustic force is calculated according to
Eqn. (3):

F =
2αI
C

(3)

where α is the acoustic absorption coefficient in ( dB
cm.MHz ),

I is the temporal average intensity of the beam in (Watts
m2 ), and

C is the speed of sound in tissue in ( m
sec. ).

E. CORNEA SCATTERRER MODEL
FIELD II toolbox is used to generate the equivalent scatter-
rer model of the 3D FEM of cornea. The FEM consists of

nodes with random spatial locations in-between and specific
spatial locations at the boundaries. It is at these nodes where
the ultrasound echoes are calculated to reconstruct an ultra-
sound line in the B-mode image. Nodes’ spatial locations
are exported to a comma separated value (csv) file with
a fixed file structure; where x, y and z positions for each
node are listed in single row. Each row is starting from the
nodes’ stationary spatial locations at the reference frame at
the first three columns and the subsequent columns holds
the nodes’ new spatial locations at each time frame of sim-
ulation. Then we import this file to MATLAB for reading
the scatterrers’ spatial location at both the reference frame
and each deformed frame in order to construct the B-mode
image. A snapshot of corresponding file structure is presented
in Table 4 where the presented spatial locations are x and
z only as they are responsible for deformation in our FEM.
The complete scatterrers model as seen by the ultrasound
transducer is shown in Fig. 7.

III. METHODOLOGY
Corneal biomechanics are estimated from the speed of prop-
agating shear wave in response to acoustic radiation force
impulse (ARFI) generated by the ultrasound transducer. This
force impulse is generated by a focused ultrasound push and
applied to the corneal tissue transiently for about 1 msec.
ARFI causes deformation of corneal tissue as a wave prop-
agating away from the focal point of application. The result-
ing deformation is then tracked using ultrasound transducer
via high frame rate B-mode imaging procedure. Monitoring
sequence is then obtained for the cornea model for complete
10 msec. of B-mode imaging resulting in a video stack for
deformation propagation. Deformation is tracked in either
direction laterally around the cornea apex by means of two
fixed points in the video stack. One point is the focal point
and the other one is laterally distal from cornea apex in either
lateral direction. This process is repeated for different elastic
moduli cornea models introduced in this study.

The proposed methodology is explained as follows:

i. 3D FEM, 2D scatterrer and ultrasound transducer mod-
els are implemented in parallel to simulate the average
human cornea dimensions and linear array ultrasound
transducer respectively, as discussed in section 2.1.

ii. The ultrasound transducer model is used to:
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FIGURE 6. (a) multiple transverse cross-sectional pressure distributions at i. 16.6 mm (light blue), ii. 33.3 mm (orange), iii. 50 mm
(gray), iv. 66.6 mm (yellow) and v. 83 mm (dark blue). (b) pressure axial distribution. (c) intensity distribution. (d) ARFI distribution.

TABLE 4. Scatterrer file snapshot.

a. Obtain a reference frame for the cornea before apply-
ing the ARFI (unloaded cornea frame).

b. Generate ARFI to act as internal stimulus for cornea
tissue to deform.

iii. The generated ARFI is then applied to the 3D FEM
to simulate the mechanical behavior of the cornea
(loaded cornea) for different time frames correspond-
ing to the frame rate of the ultrasound B-mode imag-
ing. We use a frame rate of 100 KHz for high frame
rate imaging procedures to reduce the error in the esti-
mated values from ultrasound imaging, as discussed in
section 2.3.

iv. The simulated time frames from the mechanical FEM
model are then used to update the spatial locations of the
scatterrers inside the scatterrer model.

v. The ultrasound transducer is used to image the updated
scatterrer model to obtain different time frames.

vi. The corneal tissue biomechanics are estimated from the
reference frame and the stack of deformed frames.

vii. This process is repeated for every cornea with elastic
moduli included for this study.

A. ACQUISITION SEQUENCE
Acquisition sequence starts by acquiring a reference frame
for corneal tissue under study. This reference frame is
acquired by transmitting a plane wave to the medium of
interest (corneal tissue). Then an ARFI is sent to the corneal
tissue for a short duration of time of about 1msec. to resemble
a transient force. This transient force is used to induce corneal
tissue deformation giving rise to shear wave propagation
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FIGURE 7. Complete human cornea scatterrer mode.

FIGURE 8. Timing diagram for two periods of the B-Mode acquisition sequence.

FIGURE 9. (a) Reference frame, (b) Peak deformation frame for cornea model.

inside the tissue. In this study we apply ARFI at a focal zone
of 28.5 mm inside the tissue.

Just after applying of the ARFI to the corneal tissue, high
frame rate B-mode imaging starts to capture the migrating
shear wave in both lateral directions away from the focal
zone. The frame rate used in this study is 100 KHz enabling
the accurate tracking of the wave peak through acquisition
time of 10 msec. The complete timing diagram for the
complete B-mode imaging procedure is shown in Fig. 8.

Apodization of the ultrasonic wave is performed to help
reduce both the grating and side lobes of ultrasound
beam.

B. SHEAR WAVE SPEED ESTIMATION
Estimating shear wave speed is achieved by lateral Time-To-
Peak displacement (lateral TTP) technique. The wave speed
is estimated by dividing the lateral distance between the two
probing nodes over the estimated times of wave peak arrival
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FIGURE 10. Shear wave deformed frames stack for 140KPa.

at these nodes. The two probing nodes are chosen to be the
focal zones of two distal ultrasound beam, one node is at
the focal zone of the central ultrasound beam and the other
is at the focal zone of any of the lateral beams. The second
probing point can be in either lateral direction as well, i.e.
to the left or the right of the central beam. Time-To-Peak
displacement is a property for every tissue biomechanics,
where tissues with different elastic moduli yields different
TTPs. It is worthy to be noted that, dependence on ARFI
value only changes the amplitude of tissue deformationwhere
two different elastic moduli tissues having same ARFI value
will yield two different peak deformation values. Moreover,
these two tissues will yield two different TTP values. TTP
is estimated for tissue under study from displacement curve
obtained for the probing node with proper tracking frequency

considerations. Equation (4) is used to calculate the estimated
SWS:

Cavg =
1x
1t

(4)

where Cavg is the average velocity across the lateral position,
1x and 1t are the difference in distance between probing
nodes and difference in times of peak arrival at these nodes
respectively.

IV. RESULTS
Figure 9 shows the reference frame and peak axial deforma-
tion frame after applying ARFI for 140 KPa corneal model.
The focal point is observed to reach its peak deformation
along the axial direction in Fig. 9 (b). These two figures are

VOLUME 9, 2021 106021



H. M. Ahmed et al.: Corneal Biomechanics Assessment Using High Frequency Ultrasound B-Mode Imaging

FIGURE 11. 1D Deformation profiles for focal and lateral probed nodes for each cornea model (Blue line = focal node displacement,
Red line = radial node displacement).

chosen for illustration purposes, where all other different
elastic moduli models included in this research have under-
gone the same procedure and yielded the relevant outcomes.

The reference frame shown in Fig. 9(a) is used as a base
for estimating the axial deformation of the cornea through
subsequent time frames after applying ARFI, and estimat-
ing the peak axial deformation as well. It is considered the
starting point in transient elastography imaging procedure.
This reference frame is obtained for all cornea models with
different elastic moduli namely; 140 KPa, 300 KPa, 600 KPa,
800 KPa, 1 MPa, 1.5 MPa, 2 MPa, 2.5 MPa and 3 MPa. The
field of view (FOV) is limited to the lateral distance obtained
by the ultrasound probe during B-mode imaging. The field of
view (FOV) in this experiment is about 8 mm in the lateral
direction and about 12 mm in the axial direction. Cornea
tissue is observed to occupy axial location from 28 mm to
28.5mmat the apexwhich is relevant to literature information
about corneal thickness at the apex to be about 0.5 mm.

Peak corneal deformation after applying ARFI is shown
in Fig. 9 (b) where the 8 mm wide FOV is considered to be
optimum formonitoring the lateral deformation of the cornea.
This is an empirical result obtained by try and error. The shear

wave is observed at this frame clearly, where it propagates in
either lateral direction along the corneal tissue.

A complete simulation for shear wave propagation inside
corneal model of 140 KPa along the temporal domain is
performed and shown in Fig. 10. Shear wave propagation is
shown for only eight different time stamps along with the
reference frame at the beginning for convenience in presenta-
tion. The monitoring sequence starts with the reference frame
at 0 sec. before which ARFI is applied and end up at 10 msec.

A complete simulation time sequence with 100 KHz frame
for each corneal model is obtained. The deformation along
these frames is tracked at each time frame and compared with
the reference frame. Complete 1D deformation curves for
both the focal point and the lateral point are then constructed
from the peak deformation tracking procedure and are shown
in Fig. 11. The time axis starts from 3 msec. to 10 msec.
and not from 0 sec. since there are no significant information
before deformation to be shown along the curve.

Figure 12 shows the estimated times at which focal peak
deformation takes place for each corneal model. These times
enables the estimation for the frame at which the peak
deformation happens, hence enabling the estimation of
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FIGURE 12. Time-To-Peak (TTP) deformation for each cornea model.

the focal peak deformation itself accurately (Deformation
Amplitude). This is achieved by means of the reference frame
and the estimated peak deformation frame. Reference frame
along with peak deformation frame for each corneal model is
shown in Fig. 13. These frames are used to estimate the peak
deformation value for each cornea model and the Deforma-
tion Amplitude Ratio at 2 mm in either lateral direction distal
from the apex as well.

1D deformation curves allow for estimating the SWS for
each cornea model by calculating the time difference between
TTPs for each of the two probing nodes divided by their spa-
tial distance. Theoretical, estimated shear wave speed along
with speed estimation accuracy for each cornea model are
listed in Table 5.

Deformation amplitude is estimated accurately for each
cornea model by comparing the ultrasound B-mode focal
beam for the reference frame and corresponding deformation
frame. The reference beam along with all deformed beams for
each cornea model are presented in Fig. 14. The deformation
amplitude is considered to be the difference between the
axial location at which the cornea tissue appears and the
axial location at which each other cornea tissue for differ-
ent cornea models appear. The deformation amplitudes are
shown in Fig. 15.

Figure 16 shows the deformation amplitude ratios for
each elastic modulus cornea model. They are estimated from
B-mode images where the focal peak axial deformation
happens. It is the ratio between the apex deformation to
2 mm nasal or temporal peak axial deformation. Deformation

amplitude ratio defines how the cornea apex deforms with
respect to either 1 mm or 2mm nasal or temporal deformation
of corneal tissue.

V. DISCUSSION
From Fig. 10. it is observed that corneal tissue experiences
one complete cycle of wave propagation within 10 msec.
at 140 KPa. The higher the elastic modulus for cornea tissue
the higher the number of cycles of wave propagation. It is
observed also that 140 KPa reaches its peak deformation at
t3 when applying ARFI. The tissue starts by no deformation
at the beginning of the simulation and deformation increases
gradually till its peak value and then dampens again till
reaching the no deformation state again. Many periods of
ARFI application can be performed to obtain an average
tissue behavior and more accurate results for biomechanical
parameters.

TTP values for focal peak axial displacements shows a
TTP value of 6.9 msec. at 140 KPa and 5.3 msec. at 3 MPa
with time difference in TTPs between 140 KPa and 3 MPa
of 1.6 msec. This narrow time difference makes it nearly
impossible to estimate the corneal tissue biomechanics with
ordinary ultrasound transducers operating with nearly several
tens or even hundreds of frame rate. Yet, it is possible to
achieve optimum temporal resolution with transducers oper-
ating with several thousand or even hundreds of thousands
frame rate as in this study. In this study, 100 KHz frame
rate gives about 160 frames for the 1.6 msec. time difference
between TTPs of 140 KPa and 3 MPa, which is optimum
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FIGURE 13. Reference frame along with peak deformation frame for each cornea model.

TABLE 5. Theoretical, estimated SWS and accuracy for each cornea model.

to differentiate between them. TTP decrease as elasticity of
tissue increases as shown in Fig. 12.

From Fig. 11 and Fig. 13 it is observed that force is
dampened rapidly in temporal domain and spatial domain,

106024 VOLUME 9, 2021



H. M. Ahmed et al.: Corneal Biomechanics Assessment Using High Frequency Ultrasound B-Mode Imaging

FIGURE 14. Reference beam along with all deformed beams for each cornea model.
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FIGURE 15. Deformation amplitude for each cornea model.

FIGURE 16. Deformation amplitude ratio for each cornea model.

where complete B-mode frame shows high localization of the
force around the point of application, and deformation curves
shows the rapid dampening in time for force after time of
application.

From Fig. 15. We observed that deformation amplitudes
decrease as the Young’s modulus increase for corneal models.
As elastic moduli shift to MPa range the difference between
two consecutive deformation amplitudes becomes smaller.
Differentiation between these deformation amplitudes is sub-
jected to transducer axial resolution. Lateral resolution affects
only the shear wave tracking process in the lateral direction,
where the probing nodes are fixed with beam width. As beam
width determines lateral resolution of the transducer, hence
determining the lateral distance between the probing nodes.
Smaller lateral distance yields worse temporal resolution
between deformation curves of the two probing nodes of
the wave speed, while larger lateral distance yields better
temporal resolution.

We conclude from Fig. 14. that transducer’s axial resolu-
tion is capable of differentiating between four of the major
corneal layers.

Our estimation accuracy of SWSwasmaximum at 800KPa
with value of 99.8% and minimum at 2 MPa with value
of 97.6% with respect to the theoretical SWS calculated from
Eqn. (1).

As shown in Fig. 16. DA ratio at 2 mm represents how
cornea apex deforms with respect to paracentral regions.
It is observed that cornea models with low elastic modulus
have high DA ratio values while DA ratio value decreases
as the elastic modulus increases which is matching with

experimental results obtained in relevant studies. DA ratio
gives an objective information about how whole corneal
tissue deforms in response to ARFI or any external force.
This means that for corneal pre-refractive surgery; where
its stiffness is considered to be high; DA ration at 2 mm is
supposed to be small. While cornea post-refractive surgery
is supposed to have high DA ratio at 2 mm as its stiffness is
considered to be decreased by the surgery.

If we depend only on one of the estimated parameters for
estimating the corneal biomechanics is not recommended.
This is due to the misleading estimation as in the case
of 300 KPa cornea model, where the estimated deformation
amplitude ratio at 2mm value is supposed to be smaller than
that of 140 KPa, while the estimated value is observed to
be higher. Depending only on deformation amplitude ratio
at 2 mm value supposes that the estimated corneal elastic
modulus should be lower than that of 140 KPa. However,
depending on all the estimated parameters values assessing
corneal biomechanics leads to accurate estimation of corneal
biomechanics and accurate assessment of post-refractive
surgery.

VI. CONCLUSION
In this research, shear wave speed, deformation amplitude,
Time-To-Peak deformation and deformation amplitude ratio
for different elastic moduli cornea models are estimated
respectively. Two models are used in parallel to study the
behavior of cornea biomechanics pre- and post-refractive
surgery, namely, FEM in conjunction with scatterrer model.
Third ultrasound transducer model is used to simulate the
behavior of ultrasound transducer while imaging corneal
tissue undergoing transient elastography. Also, the trans-
ducer model is used to simulate the transducer behavior
while generating acoustic radiation force impulse that is
used to excite corneal tissue. Nine FEMs are used to repre-
sent cornea in different biomechanical states pre- and post-
refractive, 140 KPa, 300 KPa, 600 KPa and 800 KPa as
post-refractive surgery corneal models and 1 MPa, 1.5 MPa,
2 MPa, 2.5 MPa and 3 MPa as pre-refractive surgery corneal
models.

ARFI is applied transiently to each of the nine cornea
models to induce deformation wave propagation. This wave
of tissue deformation is tracked using B-mode imaging pro-
cedure that yields a video stack for each cornea model rep-
resenting the wave propagation. The B-mode video stack
including deformation wave is tracked by a 100 KHz frame
rate. Resulting wave speed is tracked through two fixed
probing points assigned on two fixed ultrasound beams,
one point is at cornea apex, and the other is distal from
cornea apex in either lateral direction. Number of probing
points is subjected to the lateral resolution of the transducer,
where involving more probing points inside the B-mode
image frame means finer lateral resolution of the utilized
transducer.

Focal TTP deformation values are estimated from TTP
deformation curves for the focal apical probing point. It is
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observed that increasing corneal stiffness yields decrease in
TTP deformation values.

Focal peak axial deformations are estimated from focal
ultrasound beams by estimating corneal tissue axial location
in both the reference frame and all peak deformation frames
for each cornea model. Deformation amplitude values are
observed to be decreasing by increase in corneal stiffness.

Similarly, paracentral axial deformations are estimated
which enabled the estimation of deformation amplitude ration
at 2 mm. Deformation amplitude ratios at 2 mm are shown
to be decreasing with increasing the elastic modulus of the
corneal tissue.

Shear wave speed values are estimated using the TTP
deformation curves for both probing points. Lateral distance
between the probing points divided by peaks arrival times
gives an estimate to the corresponding shear wave speed of
the cornea model under study. Elastic moduli can be esti-
mated from the resulting shear wave speeds as they are related
by Eqn. (4).

It is recommended to depend on each of the estimated
parameters values of TTP deformation, deformation ampli-
tude, deformation amplitude ratio at 2 mm and shear wave
speed respectively when assessing cornea biomechanics post
refractive surgery. Depending only on one of these valuesmay
be misleading and vague. As in the case of 300 KPa cornea
model.
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