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Abstract: The cornea is the optical window to the brain. Its optical and structural properties are
responsible for optical transparency and vision. The shape, elasticity, rigidity, or stiffness are due
to its biomechanical properties, whose stability results in ocular integrity and intraocular pressure
dynamics. Here, we report in vivo observations of shape changes and biomechanical alterations in
the human cornea induced by acoustic wave pressure within the frequency range of 50-350 Hz and
the sound pressure level of 90 dB. The central corneal thickness (CCT) and eccentricity (e?) were
measured using Scheimpflug imaging and biomechanical properties [corneal hysteresis (CH) and
intraocular pressure (IOP)] were assessed with air-puff tonometry in six young, healthy volunteers.
At the specific 150 Hz acoustic frequency, the variations in e? and CCT were 0.058 and 7.33 um,
respectively. Biomechanical alterations were also observed in both the IOP (a decrease of 3.60 mmHg)
and CH (an increase of 0.40 mmHg).
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1. Introduction
Corneal biomechanics [1,2] depends on the distribution of the collagen fibers within

lc,r;,e@f aktfé’sr the stroma. The corneal type-I fibrillary collagen arrangement allows the maintenance of the
Citation: Avila, F]; Marcellan, Mc;  three-dimensional structure and transparency of the corneal stroma [3]. Knowledge of the
Remén, L. In Vivo Biomechanical biomechanical properties (BMPs) of the cornea allows us to ensure the success of refractive
Response of the Human Cornea to surgery [4] or the diagnosis and follow up of corneal pathologies such as keratoconus,
Acoustic Waves. Optics 2023, 4, a progressive degeneration that can lead to corneal transplantation.
584-594. https://doi.org/10.3390/ The clinical relevance of BMPs has attracted special interest with the development of
0pt4040043 surgery techniques to modify the refractive power of the cornea via laser ablation [5] or

lenticular extraction [6]. These techniques consist of modify the lamellar structure of the
cornea, causing redistribution of mechanical stress. The biomechanical response is expected
to provide the correct corneal curvature [7,8] and normal vision.
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including corneal hysteresis (CH) and corneal resistance factor (CRF) parameters [9]. The
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finite element methods (a type of in silico method) are playing a fundamental role in corneal
modelling simulations in several studies to evaluate and establish predictive models of
corneal biomechanics [19-21].

Due to its inherent elastic properties, the cornea can behave as a biomechanical
resonance system under the action of certain mechanical vibrations [22], and then the
cornea can be considered a biomechanical resonant oscillator when external perturbations
are applied [23,24].

In this respect, sound-induced corneal vibrometry has previously been reported to
explore the corneal vibrational modes. Akca et al. [25] reported the visualization of the
resonance modes of ex vivo corneas using low-power sound waves and OCT imaging. In
addition, these vibrational resonance modes of the cornea are sensitive to the IOP [26].

Therefore, the corneal resonance induced by acoustic waves seems to be sensitive
to both the shape and the biomechanics of the cornea. This work presents an acoustic
wave generator to induce subtle modifications in corneal shape that can alters corneal
biomechanics within the physiological range. We show the first in vivo observations
of corneal biomechanics and shape changes due to acoustic pressure within the range
50-350 Hz at a maximum pressure level of 90 dB. The technique utilizes an arbitrary wave-
form generator, a sound amplifier, a subwoofer, a Scheimpflug camera (Galilei G2; Ziemer
Ophthalmic Systems AG, Port, Switzerland), and an ORA (Reichert Instruments, Depew,
NY, USA) tonometer. Shape parameters, including the CCT and e?, and biomechanical
measure (CH and IOP) changes were analyzed in six healthy volunteers as a function of
the oscillating frequency of the sound wave generator.

2. Materials and Methods
2.1. Experimental Corneal Acoustic Wave Generator

Figure 1a shows a schematic diagram of the custom-built instrument. The acoustic
waves are generated via a function/arbitrary waveform (FWG) generator (RSGD 805, RS
PRO, RS Components Ltd, Northants, UK) with maximum output frequency of 5 MHz,
125 MSa/s sample rate, and resolution frequency of 1 uHz (14-bit vertical resolution).
The output wave can be generated as a sine, square, ramp, pulse, Gaussian noise, or
arbitrary forms. The output is connected to a sound amplifier (SA), which drives a full-
range subwoofer (SW) (FR8, VISATON GmbH & Co, Haan, Germany) to produce acoustic
pressure at the corneal plane. Figure 1 shows a real picture of the set up, vertically orientated
for clinical measurements.

>\

SW

()

FWG

A [ @ OUTPUT

SA

ouvTePuT

Figure 1. (a) Schematic of the corneal acoustic wave generator. (b) Real picture of the apparatus in
real-time operation. FWG represents the waveform generator for acoustic waves, SA is the sound
amplifier, and SW is a subwoofer that emits the sound wave directed towards the eyeball.

2.2. Instrument Calibration

A sinusoidal waveform signal was generated at the FWG for two different ampli-
tudes (peak-to-peak voltage): 1 and 2 Vpp. The sound pressure level was measured in dB
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using a digital sound meter placed at 100 mm from the SW, as a function of the signal fre-
quency. Figure 2 shows the measured acoustic pressure (dB) for a frequency range between
50 and 350 Hz (with a step size of 50 Hz) for two different amplitude values. For in vivo
corneal testing, we chose the lower amplitude that provided a maximum pressure of
90 dB at the maximum frequency (350 Hz), with a modulation of 11 dB within the range of
tested frequencies.
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Figure 2. Measured sound pressure (in dB) as a function of the sound frequency for two different
Vpp amplitudes generated at the FWG.

2.3. Experimental Measurements

Six volunteers (33 + 9 years old) were included in the study. The measurements were
carried out at the Visual Science and Instrumentation Lab of the University of Zaragoza
(Zaragoza, Spain). The participants did not have any ocular diseases, glaucoma, or corneal
complications that could affect the measurements. Dual Placido-Scheimpflug imaging
(Galilei G2) and air-puff tonometry (ORA) commercial devices (ORA, Reichert Instruments,
Depew, NY, USA) were employed to obtain morphometric data for shape characterization
and biomechanical assessment, respectively, as shown in Table 1.

Table 1. Summary of the parameters measured in the experimental procedure. CCT: central corneal
thickness; IOP: intraocular pressure; CH: corneal hysteresis.

Shape Parameters Biomechanical Parameters
CCT (um) IOP (mmg)
Eccentricity (e2) CH (mmHg)

2.3.1. Galilei Dual Scheimpflug Analyzer: Shape Parameters

The Galilei Dual Scheimpflug Analyzer (Galilei G2; Ziemer Ophthalmic Systems AG,
Port, Switzerland) is an advanced clinical optical system that combines Placido Disk imag-
ing with a revolving Scheimpflug camera [14]. This integration allows for the simultaneous
capture of corneal topography information from both the internal and external surfaces of
the cornea. The device captures two corneal images for each analyzed meridian, and the
Galilei G2 software (version G4) overlays these images to enhance the accuracy of corneal
parameter estimation. The central corneal thickness (CCT) and eccentricity (e?) were ex-
tracted for each participant and sound frequency. Three measurements of good quality, as
indicated via the Galilei G2 software, were captured at each session to assess repeatability,
using the 16-picture (i.e., 16 corneal meridians) scan mode. Corneal shape involved the CCT
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and e? measures. While variations in CCT correspond to tissue compression, eccentricity
values reveal the rate of corneal flattening due to sound pressure waves.

2.3.2. Ocular Response Analyzer: Biomechanical Assessment

Ocular Response Analyzer (ORA, Reichert Instruments, Depew, NY, USA) is a non-
contact air-puff applanation tonometer that provides corneal hysteresis (CH) and corneal
resistance factor (CRF) measurements [9]. CH refers to the dissipation of energy when an
external stress is applied to the cornea. Unlike purely elastic materials that immediately
return to their initial state once the stress is removed, the cornea exhibits time-dependent
stress. On the other hand, the CRF measures the resistance of the cornea, encompassing
aspects of rigidity and/or elasticity. CH and the IOP were measured for each volunteer
for different sound wave frequencies. Each experimental measurement was the average of
four measurements of good quality.

2.3.3. Pneumatic Viscoelastic Damping

CH deals with the inherent viscous damping nature of the human cornea [27]. CH
can be defined as the biomechanical property that describes the biophysics of the corneal
viscoelastic nature when the tissue is deformed by an external load (air pulses). In that
sense, CH is the corneal capability to absorb and dissipate energy such as mechanical stress
or intraocular pressure [28].

The proposed method delivers sound waves to the corneal tissue with a sine-wave
form at a given amplitude and angular frequency (see Section 2); those waves create back-
and-forth oscillations of the air molecules, creating a wave pressure. This study deals with
the transition of the “pneumatic tonometry” concept [29], the principle of which is based
on corneal depression against the IOP due to the injection of an air column flow.

In this work, we introduce the concept of pneumatic viscoelastic damping (PVD) as
the variation in CH as a consequence of a sound wave pressure (swp) as a function of the
sound frequency (v), defined as:

M

CHgwp — CH
PVD (v) = 100 x (SWPO>

CH,

Let us consider a viscoelastic cornea under external pressures. When loaded, the
cornea exhibits immediate deformation (pure elastic component) that is damped by the
viscous component followed by creep deformation (viscoelastic damping) [30]. More
elastic corneas are prone to greater deformation due to a decreased viscoelasticity
response [27] (i.e., lower CH values); in this sense, PVD reflects the ability of the cornea
to modify its elastic and viscous properties under dynamic load conditions. Positive PVD
values correspond to an increased viscosity component. On the contrary, PVD negative
values indicate a reduced capability to absorb and dissipate energy as the elasticity the
predominant component.

3. Results
3.1. Corneal Shape Changes as a Function of the Sound Frequency

Understanding the acoustic sinusoidal wave reaching the corneal surface as an external
sound pressure perturbation applied to a viscoelastic material, an observed deformation or
structural change is expected in relation to the relaxed state (i.e., FWG off). As described in
Section 2.3, the structural changes in the corneal tissue were quantified via computing the
CCT and e? parameters from Scheimpflug imaging. Figure 3 shows the mean values for
six volunteers as a function of the sound frequency compared to the control baseline mean
values (FGW off). The results showed that, at a given sound frequency, the corneal tissue
reaches the lowest values of e? and CCT. In particular, the most sensitive sound frequency
was 150 Hz, which resulted in an average reduction of 0.058 in e? (Figure 3a) and 7.33 um
in CCT (Figure 3b) compared to the relaxed state.
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Figure 3. Averaged (mean and standard deviation of the six participants) corneal eccentricity (a) and
central corneal thickness (b) measured as a function of the sound frequency. Red lines intersect the
mean values for 2 and CCT.

Figure 4 displays an example from one volunteer of the Scheimpflug output elevation
maps for a regular measurement (upper row, instrument off) and a measurement taken
while the acoustic wave generator was operating at 150 Hz for anterior and posterior
corneal surfaces. The images demonstrate quantitative modifications in both the anterior
and posterior surfaces during the presence of the sound pressure.

Sound off

150 Hz

Figure 4. Scheimpflug output elevation maps corresponding to a regular measurement (upper row,
instrument off) and a measurement during the acoustic wave generator operating at 150 Hz. The
right and left column correspond to anterior and posterior corneal surface elevation, respectively.
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3.2. Biomechanical Variations and Sound Frequency

The previous section showed how the frequency modulation of the sound pressure
at a constant signal amplitude can induce slight changes in corneal shape, specifically in
the central thickness, to the order of a few microns. These changes, unlike those produced
via air-puff tonometry at a macroscopic scale, are microscopic in nature. However, even at
the microscopic scale, this section presents evidence of how acoustic pressure can induce
measurable biomechanical changes in the cornea. Figure 5 shows the mean IOP values for
six healthy young adult subjects as a function of the sound frequency. The average control
value falls within the normal range established between 11 and 21 mmHg [27]. According
to our findings, the IOP is reduced for all the tested frequencies (Figure 5a), reaching a
minimum value at 150 Hz that corresponds to an absolute difference of 3.60 mmHg with
respect to the control baseline (pink line).
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Figure 5. The averaged (mean and standard deviation of the six participants) IOP (a) and CH
(b) measured as a function of the sound frequency. Red lines intersect the mean values for IOP and CH.

Regarding the viscoelastic property measured using the CH parameter, it shows a
maximum value (an increase of 0.40 mmHg with respect to the average control value) for
150 Hz. Those preliminary results suggest that the application of acoustic waves can alter
the corneal biomechanics, specifically reducing both the IOP and CH at a specific sound
frequency of 150 Hz.

The air-puff system enables the acquisition of stress—strain dynamic measurements
during the duration of the air pulse. Figure 6 illustrates a comparison of the air pulse
pressure curves and corneal applanation responses (averaged value of the six volunteers)
under normal operation (with the acoustic wave generator off) and with the application of
acoustic wave pressure at 150 Hz. It can be observed that the application of external sound
pressure causes less air pressure to reach the first applanation of the cornea (Figure 6a).
This fact can be associated with reduced corneal stiffness, which aligns with the results
presented in Figure 6b, where the first applanation occurs earlier when acoustic waves
are applied. It is noteworthy that in Figure 6b, an intersection is observed on the left
side of the graph between the applanation curves corresponding to normal measurements
(blue line) and measurements taken during acoustic pressure (green line). A statistical
comparison was performed via applying Student’s ¢-test, revealing significant differences
in both air-puff pressure (p = 0.036) and applanation waveforms (p = 0.039), respectively.

While the cornea still undergoes deformation due to the air pressure (sound off), the
effect of acoustic interaction alters the viscoelastic properties over time, causing the cornea
to begin relaxation at a point where it is still deforming.
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Figure 6. The air-puff pressure and applanation averaged response curves during an air-pulse time
lapse for a normal measurement (a) and during acoustic pressure application (b).

Pneumatic Viscoelastic Damping for Different Sound Wave Frequencies

Figure 7 shows the PVD values for different sound frequencies. At the specific fre-
quency of 150 Hz, the PVD showed a maximum value of +3.75% (green box) which
corresponds to an increased viscosity with respect to the baseline viscoelasticity (pink line).
In agreement with the data shown in Figure 5b, the maximum PVD value occurs for the
same sound frequency at which an increasing CH is observed. On the contrary, negative
values for PVD (red box in Figure 7) correspond to decreased CH values with respect to the
control baseline.
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Figure 7. PVD (%) mean values as a function of the sound frequency. Vertical red dotted lines show
the relative position of the mean PVD values with respect to the baseline viscoelasticity. Green and
red boxes indicate the maximums positive and negative minimums PVD values, respectively.

3.3. Shape and Biomechanical Stability during Cornea and Acoustic Wave Interactions

The previous sections showed how the application of acoustic pressure by means of
our proposed acoustic wave generator can alter the corneal shape at a microscopic scale
and modify its biomechanical properties. This raises the question of whether these changes
remain stable over time or whether they fluctuate randomly. To address this question,
we conducted four consecutive measurements on a volunteer while applying the specific
frequency of 150 Hz using both Scheimpflug imaging and the ORA analyzer. The results of
these measurements are presented in Figure 8.
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Figure 8. Sequential CCT and IOP measurements in one volunteer at the same experimental
conditions (acoustic generator operating at 150 Hz and 1 Vpp). (a,b) Horizontal black lines represent
the reference bands for the experimental values (central, upper and lower correspond to mean and
control lines for a standard deviation error of £1%, respectively). ACCTmax and AIOPmax are the
maximum variation found for CCT and IOP values, respectively.

4. Discussion and Conclusions

The corneal shape and transparency are related to biomechanical properties, and the
elastic component plays a dominant role [31]. Based on the corneal pneumatic tonometry
concept [29], we developed a clinically orientated instrument to deliver acoustic waves to
the corneal plane by combining a function/arbitrary waveform generator and a wide-range
subwoofer mounted in a vertical orientation. The system was first calibrated via placing
a digital sound meter at the position at which the corneal apex should be aligned. Sinusoidal
signals at two different peak-to-peak amplitude voltages (1 and 2 Vpp.) were generated
within the range frequency of 50-350 Hz (50 Hz step), obtaining a maximum sound pressure
around 90 dB (see Figure 1) at the maximum frequency (350 Hz).

As a proof of concept, we tested the instrument on six healthy volunteers in a lab-
conducted experiment. In the experimental set up, two commercially available ophthalmic
devices were employed to establish a set of measurements of biomechanics and corneal
biometry using the Ocular Response Analyzer (ORA, Reichter) and dual Scheimpflug
tomography and Placido topography (Ziemer Ophthalmic Systems, AG) systems.

Previously to our work, Akca et al. [25] reported the observation of three corneal
vibrational modes using sound waves within the frequency range of 50400 Hz in ex vivo
bovine ocular globes. They found a vibration amplitude of ~8 um for a fundamental mode
in the range of 80-120 Hz and at the sound pressure level of 100 dB.

In our work, we delivered acoustic sinusoidal acoustic waves in the frequency range
of 50-350 Hz (1 Vpp. amplitude) and a 90 dB pressure level at the living human cornea,
using a custom corneal acoustic waveform generator (see the description in Section 2.1).
Corneal changes were visualized using a dual Scheimpflug camera and Placido rings
analyzer and an Ocular Response Analyzer to monitor the corneal structure and
biomechanics, respectively.

We found a reduction in the central corneal thickness of 7.33 pum at the sound frequency
of 150 Hz together with a flattening of the corneal eccentricity of 0.058 (e?) (see Figure 3).
These results are visualized in the elevation maps shown in Figure 4. The application

of acoustic waves can then induce measurable axial deformation in the cornea that is
consistent with the results of Akca et al. [25] in ex vivo corneas.

On the one hand, the application of acoustic waves induces an IOP decrease (on
average) from 18.5 £ 0.71 to 14.9 £ 3.27 mmHg at a sound frequency of 150 Hz; this
induced change is within the reported physiological transient variations in the IOP [32,33].
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In this sense, corneal hysteresis (CH) reacts to elevated IOP levels, rendering the tissue
more elastic and reducing the viscous component; this alteration in CH due to an elevated
IOP is considered a biomarker of glaucoma disease [27]. Agarwal et al. [34] evaluate the
relationship between the IOP and CH before and after applying prostaglandin analogue
therapy in 57 patients with glaucoma; they found a correlated reduction in the IOP of 18.8%,
with increased CH in 5.2%. Our results showed an IOP reduction of 19.46% and an increase
in CH of 3.5% during acoustic pressure application with respect to the baseline reference
values (see Figure 5), which are in agreement with those reported by Agarwal et al.

On the other hand, Herndon et al. [35] compared the CCT values in normal and hyper-
tensive eyes; they found significantly greater CCT values in normal eyes compared with
those of ocular hypertension patients. In addition, the positive linear correlation between
the CCT and IOP was demonstrated by Wei et al. [36] in a healthy young population, so
a decrease in IOP implies a reduction in CCT. In good agreement, our results showed a re-
duction in CCT of 1.16% as a consequence of the decrease of 18.8% in IOP as a consequence
of acoustic pressure application at 150 Hz.

Finally, the pneumatic viscoelastic damping (PVD) concept was introduced as the
adaptive capability of the human cornea to modify its viscoelasticity by modulating the
elastic and viscous components when low-magnitude external forces are loaded, such as
sound wave pressures. We found two specific sound frequencies at which both scenarios
occur: at 150 Hz, PVD showed positive values that correspond to a mean increase of +0.40
in CH and maximum corneal deformation (see Figure 3), consistent with an increased
viscous component. On the contrary, at 250 Hz the PVD turned into negative values that
are (as described in Section 2.3.3) related to an increased elastic component.

These preliminary results suggest that the corneal shape and biomechanical alterations
due to sound wave pressure depend not only on the minimum pneumatic load to interact
with the tissue but also on the specific oscillating frequency.

To conclude, we present a new and versatile system to generate acoustic waves
for corneal applications. As a proof of concept, the system was tested on six volun-
teers, delivering a maximum sound pressure of 90 dB of sinusoidal acoustic waves at
the range of 50-350 Hz (50 Hz step size). At the given frequency of 150 Hz, we found
corneal deformation and changes in both IOP and CH that are consistent with those in
the reported literature. Therefore, the application of acoustic waves allows us to mod-
ify the corneal biomechanics and the structure of the cornea in physiological transient
physiological variations.

The main limitations were the small size of the sample, which did not allow the whole
statistical analysis of the results, although the main goal was to demonstrate a proof of
concept of biomechanical response in the human cornea’s interaction with acoustic waves.
The exposure time to sound waves was 10 s per measure to ensure continuous acoustic
pressure before, while, and just after Scheimpflug and air-puff tonometry measures. The
upcoming clinical study will include larger sound pressure exposure times to track whether
changes in corneal biomechanics occur due to the time-dependent properties associated to
the viscous damping nature of the human stroma. Future work will include a clinical study
in a large population as a function of age and pathological conditions such as hypertensive
and glaucomatous eyes, including contact lens wearers, and patients undergoing refractive
surgery and minimally invasive glaucoma surgery. Those future steps will allow us to
investigate changes in PVD over time.
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