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Interferometric Ex Vivo Evaluation of the Spatial
Changes to Corneal Biomechanics Introduced by
Topographic CXL: A Pilot Study
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ABSTRACT

PURPOSE: To determine the efficacy of interferometry for
examining the spatial changes to the corneal biomechanical
response to simulated intraocular pressure (I0P) fluctuations
that occur after corneal cross-linking (CXL) applied in differ-
ent topographic locations.

METHODS: Displacement speckle pattern interferometry (DSPI)
was used to measure the total anterior surface displacement of
human and porcine corneas in response to pressure variations
up to 1 mm Hg from a baseline pressure of 16.5 mm Hg, both
before and after CXL treatment, which was applied in isolated
topographic locations (10-minute riboflavin soak [VibeX-Xtra;
Avedro, Inc], 8-minute ultraviolet-A exposure at 15 mW/cm?).
Alterations to biomechanics were evaluated by directly compar-
ing the responses before and after treatment for each cornea.

orneal cross-linking (CXL) via riboflavin and
ultraviolet-A exposure has been shown to increase
the stiffness of the cornea'? and its resistance to
deformation under intraocular pressure (IOP) via initi-
ating the formation of covalent cross-links between dif-
ferent molecules in the corneal stroma.® Recently, CXL
treatment has been shown to be effective for halting the
progression, and in some cases causing beneficial refrac-
tive modifications, in keratoconic and ectatic corneas.*”

RESULTS: Before CXL, the corneal response to loading indicated
spatial variability in mechanical properties. CXL treatments had
a variable effect on the corneal response to loading dependent
on the location of treatment, with reductions in regional dis-
placement of up to 80% in response to a given pressure increase.

CONCLUSIONS: Selectively cross-linking in different topograph-
ic locations introduces position-specific changes to mechanical
properties that could potentially be used to alter the refractive
power of the cornea. Changes to the biomechanics of the cornea
after CXL are complex and appear to vary significantly depend-
ing on treatment location and initial biomechanics. Hence, fur-
ther investigations are required on a larger number of corneas
to allow the development of customized treatment protocols. In
this study, laser interferometry was demonstrated to be an ef-
fective and valuable tool to achieve this.

[J Refract Surg. 2021;37(4):263-273.]

Changes to the topography of the corneas that have
been achieved, in some cases®? when using CXL for the
treatment of keratoconus have led to interest in the po-
tential of CXL to be employed for refractive correction
via selectively stiffening different regions of the cornea
in isolation to induce a curvature, and hence refrac-
tive change, in a procedure coined “topography-guided
CXL.”"° This procedure has the potential to improve the
visual outcomes of patients treated for keratoconus or

From Wolfson School of Mechanical, Manufacturing and Electrical Engineering, Loughborough University, Loughborough, United Kingdom
(AW); Laser Optical Engineering Ltd, Derbyshire, United Kingdom (J]); and Institute of Ophthalmology, UCL, London, United Kingdom (JM).

© 2021 Wilson, Jones, Marshall; licensee SLACK Incorporated. This is an Open Access article distributed under the terms of the Creative
Commons Attribution 4.0 International (https://creativecommons.org/licenses/by/4.0). This license allows users to copy and distribute, to remix,
transform, and build upon the article, for any purpose, even commercially, provided the author is attributed and is not represented as endors-
ing the use made of the work.

Submitted: July 14, 2020; Accepted: January 27, 2021

Supported by EPSRC Doctoral Prize Research Fellowship (Abby Wilson).

The authors have no financial or proprietary interest in the materials presented herein.

The authors thank Avedro, Inc for the supply of riboflavin solution for experiments and access to a KXL cross-linking device.

Correspondence: Abby Wilson, MEng, PhD, Wolfson School of Mechanical, Manufacturing and Electrical Engineering, Loughborough University,
Epinal Way, Loughborough LE11 3TU, United Kingdom. Email: a.wilson9@Iboro.ac.uk

doi:10.3928/1081597X-20210203-01

Journal of Refractive Surgery ¢ Vol. 37, No. 4, 2021 263



ectasia,'® and it could be used as an adjunct therapy in
elective refractive surgery procedures for vision correc-
tion, or even as a stand-alone minimally invasive alter-
native in cases requiring low-diopter correction, as dem-
onstrated recently for low myopia, where corrections of
1.00 diopter (D) were achieved at 6 months of follow-
up.! Further, computational modeling studies have sug-
gested patterned CXL could be effective for addressing
astigmatism'? (eg, postoperative astigmatism associated
with cataract surgery and corneal graft surgery). Due to
the minimally invasive nature of such a procedure, the
popularity of refractive surgery for vision correction, and
the high incidence of cataracts in an aging population,
the estimated market for this type of treatment is greater
than that of conventional refractive surgery, between 8
and 10 million patients per year."

The necessary hardware to conduct customized CXL
treatments is already available, because little modifica-
tion would be required to enable current CXL devices
already in widespread use for the treatment of keratoco-
nus to deliver spatially defined treatments. However, to
facilitate the widespread adoption of such customized
procedures, precise visual outcomes must be achievable,
necessitating the development of accurate treatment algo-
rithms. Currently, treatment predictions have been based
on either biomechanical models or the outcomes of the
limited number of procedures so far undertaken in pa-
tients. Biomechanical models have become increasingly
advanced in recent years to account for some aspects of
the non-linear, anisotropic behavior of the cornea.'*1®
However, to date, much of the biomechanical data under-
lying these models have been derived either ex vivo from
strip extensometry testing or in vivo from air-puff tonom-
etry, via the Ocular Response Analyzer (ORA; Reichert
Ophthalmic Instruments) or CorVis Scheimpflug tonom-
eter (CorVis ST; Oculus Optikgerédte GmbH).

The limitations of strip extensometry as a tool for bio-
mechanical evaluation have been well documented.®
Due to the nature of the measurement procedure and
sample preparation, it is now widely acknowledged
that strip extensometry does not provide physiologi-
cally relevant information capable of relating biome-
chanics to in vivo behavior and topographic outcomes.
With regard to biomechanical assessment via the ORA
or CorVis ST, analysis of certain features of the inward
and outward movement of the cornea in response to an
air-puff has been demonstrated to be valuable for the
detection of the presence of biomechanical abnormali-
ty.1719 However, these methods do not directly measure
mechanical properties, with the overall response being
a function of stiffness, viscoelasticity, corneal thick-
ness, and an individual’s IOP, the relative contribution
of each being difficult to distinguish. In addition, the
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air-puff stimulation used forces the cornea inward, out-
side its normal range of motion, resulting in flexion of
the anterior surface, which normally acts in tension to
withstand the normal loads imposed by IOP. Evalua-
tion is also limited to an individual cross-section at a
given time. Hence, these methods cannot be used effec-
tively to quantify changes to relevant mechanical prop-
erties after treatments and do not provide information
with regard to how these treatments and spatial modifi-
cation of corneal mechanical properties may contribute
to changes in refractive outcomes.

A further limitation of existing biomechanical mod-
els is that they do not include the limbus and adjacent
sclera. This is a consequence of inadequacies of meth-
ods to evaluate the biomechanics of these regions.?° Be-
cause recent studies have highlighted the importance of
these regions to the biomechanics of the cornea and the
maintenance of topography under variations in IOP,*-22
they cannot be ignored, especially in instances where
the goal is to accurately predict refractive outcomes of
surgical procedures or CXL.

Assessment of corneal biomechanics is challenging for
several reasons, including biological variation, heteroge-
neity in mechanical properties with respect to location in
the tissue, and differential responses to different stimuli,
with the magnitude, speed, direction, and position of any
stimulus contributing to overall response. Hence, to gain a
representative model of corneal biomechanics and under-
stand the association of these properties with topography
and pressure compensation, it is necessary to measure
the response of the whole cornea under a physiologically
representative state of loading. Natural IOP fluctuations,
which occur diurnally and during the cardiac cycle, are
the primary force to which the cornea is exposed in vivo
and the main force responsible, in combination with me-
chanical properties, integral to controlling its shape. In
situ other forces, including forces from the eyelids during
blinking and the actions of the extraocular muscles, exert
effects and therefore must be considered in a complete
model of biomechanics; however, these are significantly
harder to simulate and investigate ex vivo. Hence, as a
result of IOP being a constant and dominant force on the
cornea and the ease with which it can be simulated, most
researchers have chosen to examine corneal biomechan-
ics through measuring the deformation of the cornea in
response to IOP fluctuations.?® Several techniques have
been investigated, including interferometry-based meth-
ods,>?22428 gptical coherence elastography,?® and high-
frequency ultrasound.®*3?

Recently, displacement speckle pattern interferometry
(DSPI) has been used ex vivo for the analysis of corneal
biomechanics in response to hydrostatic pressure varia-
tions representative of the changes to IOP that occur dur-



ing the normal cardiac cycle.?? DSPI is a useful tool for
the analysis of corneal biomechanics, addressing many
of the shortcomings of the more disruptive techniques,
such as extensometry. It provides high spatial resolution
and high displacement sensitivity, and full surface in-
formation can be captured in a single snapshot taking
milliseconds, enabling quick and convenient analysis of
the cornea and surrounding sclera. Further, because the
technique is not destructive and capable of evaluation
of the corneal response within its elastic limits, the re-
sponse of any given cornea can be analyzed before and
after procedures such as CXL or refractive surgery, thus
enabling each specimen to be used as its own control,
avoiding the influence of inter-sample variability in de-
termining the effects of interventions.

A limitation of DSPI is that it measures surface
information only and therefore cannot measure any
compression that occurs through the thickness of the
cornea during loading, preventing full evaluation of
corneal strain. However, because the anterior stroma is
responsible for the maintenance of corneal curvature
and CXL occurs in this region, monitoring changes to
surface displacement in response to pressure varia-
tions is a logical way to examine the spatial changes to
biomechanics that occur due to CXL. Also, optical co-
herence tomography has previously been used to ex-
amine through-thickness changes to the responses of
corneas that occur after CXL.323% Hence, information
from this study can be used in combination with that
provided via other methods to obtain a wholesome
view of biomechanical changes.

Recently, a DSPI system and measurement proce-
dure for ex vivo biomechanical analysis of corneo-
scleral specimens mounted in a modified artificial an-
terior chamber has been descibed.?? The efficacy of this
approach for examining the biomechanical changes to
corneal tissue that can be introduced via CXL in dif-
ferent topographic locations is explored in this study.

MATERIALS AND METHODS

MEASUREMENT AND LOADING SYSTEM

The working principles of DSPI have been de-
scribed in detail in a previous study.?? The modified
artificial anterior chambers used for mounting cor-
neoscleral specimens and the measurement and load-
ing system that was used for this study are shown
diagrammatically in Figure A (available in the online
version of this article). Illumination was via a diode
pumped single-mode solid-state laser (A = 532 nm)
(06-DPL; Cobolt AB), which was expanded and colli-
mated to a diameter of 25 mm. The illumination beam
was passed through a 50:50 beamsplitter with half di-
rected toward the target surface (corneal surface) and
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half toward a planar mirror attached to a piezoelectric
transducer, which was used to generate a phase-
stepped reference beam. The beams from the object
and the reference were interfered and imaged using a
CMOS camera with a resolution of 1,296 by 972 pixels
(CMOS Aptina MT9P031; Basler AG) through a 12.5-
to 75-mm zoom lens (C31204; Pentax).

The DSPI set-up described is sensitive to out-of-plane
(displacement along the z-plane, Figure AA) deforma-
tion only. To completely define the surface movement, it
is necessary to acquire the horizontal (x-plane) and verti-
cal (y-plane) in-plane components of displacement; this
is impractical to achieve with interferometry on a curved
surface due to the requirement for off-axis imaging and
illumination, which gives rise to issues with light in-
tensity variation across the sample. Previous investiga-
tions have demonstrated that the in-plane contribution
to overall displacement is small relative to the out-of-
plane in response to small pressure changes.?? Hence, in
this study focus was on interferometric evaluation of the
changes to the out-of-plane response only.

To enable mounting and loading of corneoscleral
specimens, artificial anterior chambers were modified
by attaching to a reservoir that was mounted onto a
motorized vertical translation stage. This enabled con-
venient, remote, and accurate control of pressure be-
hind the surface of the cornea through modification
of the height of the reservoir above the surface of the
corneoscleral specimen once situated in the artificial
anterior chamber. Movement of the reservoir was con-
trolled using customized software produced using
LabView (National Instruments, Inc).

CORNEAL PREPARATION

Four human corneas with an approximately 3-mm
scleral boundary were obtained from Moorfield’s Bio-
bank (UCL Institute of Ophthalmology), with ethical
approval granted by the Moorfields Biobank internal
ethics committee. The human corneas were surplus to
donor purposes and had been collected with permis-
sion for research use. The corneal specimens had been
stored for 8 weeks prior to being released for research
use. The human corneas were suspended in organ do-
nor culture (80 mL of Eagle’s minimum essential me-
dium with HEPES buffer, 26 mmol/l NaHCO3, 2% fetal
bovine serum, 2 mmol/L L-glutamine, penicillin, strep-
tomycin, and amphotericin B). All human corneas re-
mained in the solution until required for measurement.

Three fresh porcine eyes (< 12 hours post-mortem)
were obtained from a local abattoir (Joseph Morris Butch-
ers). On retrieval, the eyes had clear corneas and intact
epitheliums. The corneas with a 2- to 3-mm region of
adjacent sclera were isolated from the posterior globe im-
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TABLE 1

CXL Methods
Parameter Variable
Treatment target Refractive
Fluence (total) (J/cm?) 7.2
Soak time and interval (minutes) 10
Intensity (mW) 15
Treatment time (minutes) 8
Epithelium status Off
Chromophore Riboflavin
Chromophore carrier Saline
Chromophore osmolarity Isotonic
Chromophore concentration (%) 0.22
Light source KXL (Avedro, Inc)
Irradiation mode (interval) Continuous
CXL = corneal cross-linking

mediately prior to testing to enable mounting within the
modified artificial anterior chamber (Figure AA).

All corneas were deepithelialized prior to measure-
ment. The epithelium has previously been shown to have
a negligible contribution to biomechanics,** and epithe-
lial debridement was required prior to CXL treatment.

All corneoscleral specimens were mounted within
modified artificial anterior chambers (Figure AA);
these chambers enabled corneas to be hydrostatical-
ly loaded while providing a fixed-circular boundary
(12.5-mm human corneas, 16-mm porcine corneas)
around the scleral rim. On mounting, corneas were
subjected to a hydrostatic pressure of 16.5 mm Hg,
which is representative of normal IOP in both human
and porcine eyes.*>?*% Pressurization was achieved
via filling the reservoir and artificial anterior cham-
ber with phosphate-buffered saline solution (Sigma-
Aldrich) (p = 0.995 g/mL at 25°C), then mounting the
reservoir 225 mm above the surface of the cornea. All
corneas were left to rest at this pressure for 30 minutes
prior to the commencement of measurement to allow
for stress relaxation. Because the cornea is designed
to transmit optical radiation between 400 and 1,400
nm, surface reflection was small at approximately 4%,
and had to be enhanced by means of a scattering agent.
Hence, prior to interferometric measurement all cor-
neas were coated with a thin layer of hollow glass mi-
crospheres (Sphericel 110P8; Potters Industries, LLC),
to amplify the scatter from the surface. Due to its par-
ticle nature and the fact that it adhered locally to the
corneal surface, the surface coating had no stiffness
and therefore had no effect on the deformation of the
underlying cornea.
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EXPERIMENTAL PROCEDURE

Two rounds of interferometric measurement were
performed on all corneas: the first round before CXL
treatment and the second round after CXL treatment.
The measurement procedure consisted of three repeat-
ed loading cycles, where the corneas were subjected to
pressure increases of 0.25, 0.50, 0.75, and 1.00 mm Hg in
turn. At the end of each loading increment, movement of
the reservoir was paused for 0.5 second, during which
time data were captured and processed, after which the
pressure was restored to the baseline pressure.

After the first round of interferometric testing, the
surfaces of the corneas were washed using phosphate-
buffered saline solution to remove the surface coating.
Riboflavin solution (0.22% riboflavin, saline, isotonic)
(Vibex-Xtra; Avedro, Inc) was subsequently applied to
the entirety of each of the corneal surfaces for a total
soaking time of 10 minutes.

Human Cornea CXL Treatment. CXL parameters
used are summarized in Table 1. For the human cor-
neas, CXL treatment was applied in one of three dif-
ferent topographic regions on an individual cornea.
The CXL treatment region selected for each cornea was
random and not based on any features observed in the
response of the cornea to pressure variations during the
initial round of testing. The three different CXL treat-
ment regions that were used across the four specimens
are detailed in Figure 1. Two of the four corneas had
CXL treatment applied in the location shown in Figure
1A, with one each of the two remaining corneas under-
going CXL treatment in the locations specified in Fig-
ures 1B-1C, respectively.

To isolate a specific region for CXL treatment, custom
masks were made from aluminum foil to protect the areas
of the surface that were not to be subjected to CXL treat-
ment from ultraviolet light exposure. During CXL treat-
ment, the select region on the surface of the cornea was ex-
posed to an ultraviolet-A source at 365 nm (KXL; Avedro,
Inc) for 8 minutes at a power of 15 mW/cm?, delivering
a total energy of 7.2 J/cm?. Total energy delivered during
these treatments was maximized because it was desired
to introduce a large cross-linking effect during these pre-
liminary experiments to maximize any potential changes
to biomechanics. Interferometric measurement after CXL
was repeated exactly as specified for testing before CXL.

Porcine Corneas. Porcine Cornea 1 was cross-
linked in the location specified in Figure 1B and Por-
cine Cornea 2 was cross-linked in the location speci-
fied in Figure 1C. The CXL in each case was centered
around the corneal apex. Due to the larger size of the
porcine corneas, CXL did not extend as close to the pe-
riphery as with the human corneas. Hence, for Porcine
Cornea 1 a second round of CXL was done to extend
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Figure 1. Regions of corneal cross-linking
used in human cornea experiments: (A
3-mm diameter circle at the center of the
cornea; (B) 9-mm diameter, 3-mm wide
annulus centered on the cornea; and (C)
3-mm width strip positioned down the
central 9 mm of the vertical axis.

wu g

3mm

the CXL region to the scleral region to more closely
match the human cornea example.

For Porcine Cornea 3, the region of CXL was deter-
mined based on the measured response of the cornea
to pressure variations obtained during the first round of
interferometric testing. Identification of an abnormal re-
sponse to loading was determined through knowledge of
the expected response of porcine corneas to small pres-
sure variations, which was gained via testing of 40 por-
cine corneas to small pressure variations, as detailed in
a previous study.?* The particular cornea chosen for this
“customized CXL procedure” was selected because there
was an unexpectedly large difference in the magnitude
of displacement observed over the left and right sides of
the nasal-temporal axis during initial testing, with the
cornea showing high out-of-plane displacement on the
right-side. A custom mask was manufactured from alu-
minum foil to prevent ultraviolet light exposure over the
left side of the cornea. CXL treatment, identical to that
described for the human corneas, was conducted on the
right side of the nasal-temporal axis only.

DATA ANALYSIS

For the DSPI set-up described, the out-of-plane dis-
placement w (mm) was calculated from the measured
phase change due to deformation Ad 4 (radians) as de-
scribed by Equation 1, where \ is the wavelength of
the illumination source in millimeters.

A
w = A¢def E

The treatment responses of a given cornea to a giv-
en pressure variation before and after CXL were com-
pared geographically to determine the effects of CXL
on the biomechanical responses.

RESULTS
BEFORE CXL RESPONSE
In general, all human corneas showed similar features
in the initial distribution of out-of-plane displacement
in response to pressure variations (Figure 2A, Figure 2E,
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Figure 3A, and Figure 5A). Across all samples there was
a high rate-of-change of out-of-plane displacement at the
corneal periphery, indicating high strain in this region,
and a relatively constant level of displacement main-
tained across the central regions, indicating minimal
central curvature change of the anterior corneal surface
in response to pressure increases. Responses lacked axial
symmetry, especially with respect to the nasal-temporal
axis. However, some intersample differences in the re-
sponses of individual corneas were evident. In particu-
lar, the cornea shown in Figure 5A had a slightly greater
rate of change in out-of-plane displacement across the
central regions when compared to the other specimens
(Figure 2A, Figure 2E, and Figure 3A).

AFTER CXL RESPONSE

CXL treatment introduced changes to the responses
of the corneas to pressure changes. The magnitude and
position of these changes was dependent on the area that
had undergone CXL treatment. Changes to the responses
were not confined to the cross-linked regions in isolation.

Human Corneas 1 and 2 underwent CXL treatment in
a central 3-mm diameter circular region (Figure 2A). Af-
ter CXL treatment, both Human Corneas 1 and 2 showed
a reduction in out-of-plane displacement at the cen-
ter of 16% (Figure 2). Both corneas also demonstrated
increased displacement relative to the response before
CXL in some regions outside of the cross-linked region
(Figure 2C, Figure 2G, and Figure 2H), which would
indicate a flattening of the corneal topography with re-
spect to these axes when subjected to increases in IOP.
Although the reduction in out-of-plane displacement
within the cross-linked regions was equivalent for both
of the corneas, there were differences with regard to the
changes to the responses spatially. This indicates the re-
sponse to CXL may be variable between corneas and is
likely to depend to some extent on initial biomechanics.

Human Cornea 3 underwent CXL treatment in a
9-mm diameter, 3-mm thick annulus centered on the
cornea (Figure 1B). In comparison to the response be-
fore CXL of Human Cornea 3 to an equivalent pressure
change, the out-of-plane displacement after CXL was
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Figure 2. Pre-corneal cross-linking (CXL) vs Post-CXL (central 3 mm)
responses of Human Corneas 1 and 2 to pressure variations of 0.25
mm Hg (Cornea 1) and 0.5 mm Hg (Cornea 2] from a baseline pres-
sure of 16.50 mm Hg. For all surface plots blue represents zero dis-
placement and red represents maximum displacement. (A) Pre-CXL
displacement of Cornea 1; (B) Post-CXL displacement of Cornea 1; (C)
Pre-CXL (blue line) vs Post-CXL (red line) displacement of Cornea 1
along central nasal-temporal axis; (D) Pre-CXL vs Post-CXL displace-
ment of Cornea 1 along central superior-inferior axis; (E) Pre-CXL
displacement of Cornea 2; (F) Post-CXL displacement of Cornea 2; (G)
Pre-CXL vs Post-CXL displacement of Cornea 2 along central nasal-
temporal axis; and (H) Pre-CXL vs Post-CXL displacement of Cornea 2
along central superior-inferior axis.

significantly reduced across the whole surface, includ-
ing the non-cross-linked region (Figure 3). Through spa-
tial analysis of the percentage reduction in out-of-plane
displacement in response to a pressure change of 0.5
mm Hg (Figure 3E), it was observed that the percentage
reduction in displacement was greatest at the periphery,
up to 80% in some regions, and lowest in the central
non-cross-linked regions at approximately 48%. This
would indicate a slight steepening of corneal topogra-
phy under IOP fluctuations, relative to the case before
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Figure 3. Pre-corneal cross-linking (CXL) vs Post-CXL (9-mm diam-
eter, 3-mm thick annulus) responses of Human Cornea 3 to pressure
variations of 0.5 mm Hg from a baseline pressure of 16.5 mm Hg. (A)
Pre-CXL displacement; (B) Post-CXL displacement; (C) Pre-CXL vs
Post-CXL displacement along the central nasal-temporal axis; (D)
Pre-CXL vs Post-CXL displacement along the central superior-inferior
axis; (E) Percentage reduction in out-of-plane displacement Post-CXL
along central nasal-temporal axis; and (F) region of CXL.

treatment. Porcine Cornea 1 had CXL in a similar man-
ner by masking a central 3-mm disk while cross-linking
the remaining corneal surface. Similarly to the human
cornea, displacement in response to a given pressure
change was reduced after CXL (Figure 4), although the
reduction was less than that seen in the human cornea
example. The relative reduction in displacement in the
non-cross-linked region was lower, with these regions
showing increased deformation relative to immediately
adjacent cross-linked regions in response to a pressure
increase. Steepening in this zone under increased pres-
sure was evident when looking at the first derivative
of displacement, which showed a peak in this region
(highlighted as “A” in Figure 4E).

Human Cornea 4 and Porcine Cornea 2 underwent
treatment along a 3-mm-wide strip down the superior-
inferior axis (Figure 5). After CXL treatment, Human
Cornea 4 showed a significant decrease in out-of-plane
displacement in response to a given pressure change,
especially along the cross-linked region (Figure 5D). In
the non-cross-linked regions, there was also a decrease
in displacement, but the magnitude of this decrease was
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Figure 4. Pre-corneal cross-linking (CXL) vs Post-CXL (annulus
around 3-mm diameter masked central region) responses of Porcine
Cornea 1 to pressure variations of 0.5 mm Hg from a baseline pres-
sure of 16.5 mm Hg. (A] Pre-CXL displacement; (B) Post-CXL dis-
placement; (C) Pre-CXL vs Post-CXL displacement along the central
nasal-temporal axis; (D) Pre-CXL vs Post-CXL displacement along
the central superior-inferior axis; (E] first differential of out-of-plane
displacement along the nasal-temporal axis, “A” highlights the region
of steepening that occurred Post-CXL; and (F) region of CXL.

lower than in the cross-linked regions. The changes to
the pattern of displacement introduced would indicate a
flattening of corneal topography with respect to the nasal-
temporal axis (normal to the axis of CXL treatment) due
to relatively higher deformation at the periphery relative
to the center along this axis. The changes to the response
of Porcine Cornea 2 were similar to those observed in the
human cornea, with a reduction in displacement along
the cross-linked region especially (Figures 5G-5H) and a
flattening of corneal topography in response to increased
pressure along the nasal-temporal axis perpendicular to
the cross-linked axis (Figure 5G). However, the relative
reduction in displacement due to CXL in the porcine
cornea was less than in the human cornea.

CusTOMIZED CXL

The treatment response before CXL of the porcine
cornea to small pressure variations showed abnormal-
ly high out-of-plane displacement on the right side of
the nasal-temporal axis relative to the left side (Fig-
ure 6A). Treatment was isolated to the right side of
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Figure 5. Pre-corneal cross-linking (CXL) and Post-CXL (central 3-mm
wide strip down superior-inferior axis) responses of Human Cornea
4 and Porcine Cornea 2 to pressure variations of 0.5 mm Hg from a
baseline pressure of 16.5 mm Hg. (A) Pre-CXL displacement of Human
Cornea 4; (B) Post-CXL displacement of Human Cornea 4; (C) Pre-
CXL vs Post-CXL displacement along central nasal-temporal axis of
Human Cornea 4; (D) Pre-CXL vs Post-CXL displacement along central
superior-inferior axis of Human Cornea 4; (E) Pre-CXL displacement
of Porcine Cornea 2; (F] Post-CXL displacement of Porcine Cornea 2;
(G) Pre-CXL vs Post-CXL displacement along central nasal-temporal
axis of Porcine Cornea 2; and (H) Pre-CXL vs Post-CXL displacement
along central superior-inferior axis of Porcine Cornea 2.

the cornea (Figure 6D. After CXL, the displacement
response of the right side of the cornea was signifi-
cantly reduced compared to the response before treat-
ment (Figures 6B-6C). The magnitude of out-of-plane
displacement across the corneal surface became more
uniform overall, with displacement on the left and
right sides of the cornea, becoming approximately
equal. Two regions of slightly higher displacement to-
ward the top and bottom of the cornea remained (Fig-
ure 6B) and these corresponded to the areas outside
the 9-mm diameter ultraviolet light beam, and there-
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Figure 6. Pre-corneal cross-linking (CXL] vs Post-CXL (right-side only)
responses of a porcine cornea to a 0.5 mm Hg increase in pressure
from a baseline pressure of 16.5 mm Hg. (A) Pre-CXL displacement;
(B) Post-CXL displacement; (C) Pre-CXL vs Post-CXL displacement
along the central nasal-temporal axis; (D) Region of cross-linking.

fore had no direct exposure and were assumed to have
undergone minimal CXL.

DISCUSSION

The application of CXL treatment across different
topographic regions had location-specific effects. The
rationale for stiffening the cornea in isolated regions is
to introduce spatially specific changes to the mechani-
cal properties of the tissue, which in turn would be ex-
pected to lead to modifications in topography and re-
fractive power. Ultimately, the aim is to facilitate the
delivery of customized CXL treatment, with treatment
parameters and locations determined based on the bio-
mechanics and topography of an individual cornea.
However, achieving accurate and optimized visual out-
comes via this approach requires a method to spatially
quantify corneal biomechanics in vivo, an understand-
ing of the normal biomechanics of the cornea and their
contribution to topography, and detailed knowledge of
the effects of CXL treatment on corneal biomechanics
and associated long-term topographic changes.

Currently there is no established method to spatially
quantify corneal mechanical properties in vivo. Several
methods are currently being investigated to achieve this,
including Brillouin spectroscopy,®” optical coherence
elastography,?® and high-frequency ultrasound.?* All of
these techniques require scanning to generate whole-
corneal information, requiring acquisition times of sev-
eral minutes, leading to limited spatial resolutions and
issues with motion artifacts when attempting to quantify
whole-corneal mechanical properties in clinic. Hence,
none so far have reached the stage of widespread clini-
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cal adoption. Because biomechanics and topography are
inherently related, in the clinic we currently rely on de-
tailed topographic assessment to provide an indication
of the presence of abnormalities in biomechanics. The
disadvantage of this is that we require progression to a
stage where abnormalities in topography are present pri-
or to diagnosis. This could be avoided with the introduc-
tion of a sensitive test to probe mechanical properties,
allowing abnormalities to be identified and treated at
onset, prior to any symptomatic changes in topography.

The introduction of a clinical device capable of bio-
mechanical evaluation is important, but the method
detailed in this study aimed to address the latter two
requirements: an understanding of normal corneal bio-
mechanics and their contribution to topography and
the effects of CXL. This is achieved through spatial
quantification of normal biomechanics under physi-
ological loading and detailed assessment of the effects
of location-specific CXL treatment on this response. Al-
though a relatively small sample size was used in this
study, the purpose, at this stage, was to demonstrate
the ability of the technique described to spatially map
changes associated with biomechanics after CXL treat-
ment. The technique has demonstrated efficacy in its
ability to both recognize abnormal patterns in the initial
response of corneas to pressure variations and spatially
map changes related to the biomechanics of corneas af-
ter application of CXL treatment. This is the first study
to investigate these effects on human corneas.

Analyzing the deformation and biomechanics of the
anterior corneal surface is particularly important when
considering topography, because Bowman'’s layer and
anterior stroma are the regions most important to main-
taining corneal shape and refractive power. Sensing
biomechanical changes to the response of the anterior
surface to pressure variations provides insight into like-
ly topographic changes that will occur over time as the
system comes to a steady state after treatment.

Overall the nature of the response of the human cor-
neas before CXL used in this study were consistent with
several previous studies that have indicated high axial
compliance at the limbus.?'?%339 Application of CXL
treatment in the three areas described in Figure 1 resulted
in different effects and these effects showed a logical cor-
relation with treatment area, indicating that the changes
observed were a result of ultraviolet light exposure.

CXL treatment in the central region only would be as-
sumed to induce corneal flattening, and potentially myo-
pic correction through increased resistance of the central
cornea to deformation under IOP, leading to a compen-
satory increase in deformation in surrounding regions to
accommodate for the pressure increase. This effect was
observed in both human corneas that were stiffened in



this region. Not only was there an increase in the resis-
tance of the central region to deformation (16% reduction
in out-of-plane displacement in response to hydrostatic
pressure increase from 16.5 to 17 mm Hg), but there was a
compensatory increase in deformation in the regions out-
side of this, further enhancing the flattening effect.

There were clear similarities between the two cor-
neas examined in terms of the changes to the responses
bought about by CXL in this region, especially with re-
gard to the reduction in displacement within the cross-
linked region. However, there were also subtle differ-
ences, possibly related to baseline biomechanics. Due
to this variation in the treatment response, it is evident
that to develop accurate treatment algorithms, it will be
necessary to examine a large number of corneas.

CXL at the periphery while masking the central region
would be expected to increase the resistance of the outer
regions of the cornea to deformation under variations in
IOP, with a compensatory relative increase in displace-
ment in the center relative to the adjacent cross-linked
regions. This type of treatment would be proposed for
conditions where steepening the curvature of the cornea
would be advantageous, such as hyperopia. For both the
human and porcine corneas treated in this way, there was
a large reduction in out-of-plane displacement in response
to a given pressure change across the full surface. The re-
duction was greater in the human cornea versus the por-
cine cornea, which is likely due to the greater thickness of
the porcine cornea relative to the human cornea, resulting
in a lesser percentage of the total stromal depth undergo-
ing CXL. This type of treatment was expected to provide
a larger reduction in displacement when compared with
CXL of the central region only, because a larger area of the
cornea underwent CXL, and the CXL was focused on the
region that had previously shown the highest rate of dis-
placement in response to pressure variations.

On close examination, the reduction in displace-
ment in the central non—cross-linked regions was lower
than in the regions that had been cross-linked (48% vs
50% to 80% reduction in the human cornea) (Figure
3E), indicative of a slight steepening effect, which was
in line with initial predictions. However, our results
and previous results demonstrating the relative lower
axial strength of the peripheral cornea and the limbus
relative to the central regions suggest that it would be
challenging to achieve a large steepening effect. This is
because the relatively low axial stiffness of the limbus
and peripheral cornea versus the central cornea means
that the aforementioned regions overwhelmingly com-
pensate for small pressure variations with little cur-
vature change across the central regions.?? Even after
CXL in the outer regions, most of the strain remained
concentrated within these regions, with displacement
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across the central cornea remaining relatively uniform,
indicating high resistance to changes in central curva-
ture. It could be that certain modifications to the treat-
ment applied here, such as reducing the thickness of
the annulus or CXL at a different proximity to the lim-
bus, could produce a more significant steepening effect.
However, these remain to be explored in future studies.
The reason for CXL along a specific axis in isolation
(Figure 1C) would be to change the relative stiffness of
one axis compared to the other, to modify the axial cur-
vature, and to address astigmatism. For the cornea ex-
amined, CXL in a strip along the superior-inferior axis
did significantly reduce displacement in response to a
given pressure change along this axis by up to 75% in
the human cornea and introduced axial-specific modi-
fications to curvature, resulting in a flattening effect
across the nasal-temporal axis in response to increases
in chamber pressure. Again, the changes to the distribu-
tion of displacement that occurred before versus after
CXL were similar in the human and porcine corneas,
but the porcine cornea showed a lower overall reduc-
tion, likely due to the reasons already discussed.
Finally, a demonstration of customized CXL was at-
tempted, although the visual outcomes of this treatment
could not be quantified in this study. The potential for
interferometry to identify a region of relative biomechani-
cal weakness was demonstrated here, and a customized
mask was designed for CXL treatment. The CXL treatment
appeared to normalize the responses of the left and right
sides of the cornea. This final experiment provides an
initial demonstration of the potential application of CXL
technology if it can be combined with clinical full-field
assessment of biomechanics and detailed knowledge of
normal corneal biomechanics and the effects of CXL.
The advantages of customized CXL if it can be ac-
curately delivered are many. There is already evi-
dence that targeted treatment may have advantages
over conventional treatment in the management of
keratoconus'? in addition to evidence that customized
treatments may have the potential to be used as an
alternative to invasive refractive surgery for cases of
low-diopter correction'! and mild astigmatism.'* They
also could be employed as an adjunct therapy in other
cases, reducing the amount of tissue that would need
to be removed and enhancing the strength of the cor-
nea postoperatively, reducing the incidence of com-
plications and increasing the long-term stability of
outcomes. Similar advantages could also be achieved
via the use of CXL as an adjunct therapy in corneal
transplant and cataract surgeries.
The ability of CXL to deliver location-specific altera-
tions to biomechanics has been demonstrated in this
study. However, the changes that occur are complex
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hence to produce treatment algorithms capable of deliv-
ering alterations in biomechanics that translate to pre-
cise and accurate changes in refractive power requires
both testing on a large number of corneas and the use
of several complementary techniques in addition to the
interferometric method described here to provide a full
assessment and understanding of the changes that occur
after CXL treatment. To truly understand the potential of
the CXL technique for delivering customized and opti-
mized treatments, its ability to produce repeatable biome-
chanical changes must be investigated. As demonstrated
in this study, there is significant variability between the
biomechanics of individual corneas prior to CXL treat-
ment and it is likely that the response of corneas to CXL
will also be variable to some degree, due to factors such
as age, genetics, and environment. Hence, a study with a
sufficiently large sample size, where the aforementioned
factors can be accounted for, is required to begin the de-
velopment of the necessary treatment models that would
be required for optimized delivery of CXL.

DSPI has been shown to be an effective tool for the
assessment of the changes that occur to corneal anterior
surface displacement in response to physiological scale
pressure variations before and immediately after CXL.
It is likely the changes to the distribution of displace-
ment of the anterior corneal surface that are observed
after CXL will provide a useful indicator of the topo-
graphic changes that will occur over the recovery time.

The design of the study, which enables the same cor-
nea to be examined before and after CXL treatment under
physiological scale pressure variations, is particularly
advantageous because it enables inter-sample variabil-
ity to be accounted for and ensures the measurements
remain relevant to the in vivo case. The measurement
procedure is highly efficient, taking only milliseconds
to generate full-surface information. The information
provided by DSPI represents the anterior manifestation
of the bulk changes in properties of a three-dimensional
tissue, providing useful insight into the likely long-term
topographic effects of such treatments, but in isolation is
not enough to quantify stiffness changes in the absence of
through-thickness information. Going forward, it would
be useful to use this information together with that from
methods such as optical coherence tomography?* or high-
frequency ultrasound,®! which are capable of examining
the through-thickness responses of corneas to pressure
variations, allowing us to generate three-dimensional
data on biomechanical changes. A combination of these
approaches provides an optimal solution because the
fast, whole-surface measurement advantages of DSPI
could be used to direct targeted through-thickness mea-
surements with optical coherence tomography or high-
frequency ultrasound, which due to their requirement
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for scanning to acquire three-dimensional information
have relatively long acquisition times when used alone.

Ultimately, to deliver precise refractive outcomes,
it is necessary to understand the relationship between
biomechanical and longer-term topographic changes
and refractive outcomes. This can be particularly chal-
lenging to investigate because topographic changes
have been documented to continue for several months
to years after CXL treatment in patients with kerato-
conus.®* It is possible that through combining the in-
formation gained on the biomechanical effects of CXL
through studies such as this one with clinical studies
that document the longer-term topographic effects of
CXL, it will be possible to accurately model and predict
long-term topographic outcomes, moving us closer to
customization and optimization of CXL treatments.

The DSPI method described has the potential to
contribute to the optimization of the delivery of CXL
treatment through enabling effects of many of the vari-
ables associated with the effectiveness of the treat-
ment, such as treatment time, location, power, and
oxygen concentration to be investigated.
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Figure A. Measurement set-up showing (A] artificial anterior chamber and (B] displacement speckle
pattern interferometry (DSPI) configuration and corneal mounting and pressurization apparatus. AAC =
artificial anterior chamber; BS = beamsplitter; M = mirror; PZT = piezoelectric transducer



