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Finite-Element Modeling of Intrastromal Ring Segment
Implantation into a Hyperelastic Cornea
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Purpose. Intrastromal corneal-ring segments (ICRSs) are
applied to improve highly distorted vision in keratoconic,
myopic, and astigmatic patients. Selections of ICRS geometry
and position are primarily based on empirical nomograms. We
developed a finite-element model (FEM) predicting the corneal
response to different ICRS geometries in normal and kerato-
conic corneas.

MerHoDps. A two-dimensional FEM was built in proprietary
software (ANSYS-APDL), consisting of hyperelastic ocular
tissues (cornea, limbus, sclera) and a triangular/hexagonal
ICRS of poly(methyl methacrylate). An incrustation model was
developed considering the local material addition and rigidity
increase at the ICRS position and also for the triangular ICRS
the geometric difference between its base (plane) and corneal
tunnel (parallel to corneal surface). Different ICRS heights
(150-350 pm) and optical zones (4.4-6.6 mm) were simulated.
An axis-symmetric model of keratoconus was studied, where
corneal elasticity was decreased locally.

Resurts. ICRS geometry (height and optical zone) had a
significant influence on corneal power: changes from 4.08 to
—17.7 diopters (D) (healthy)/3.31 to —20.5 D (keratoconic)
were observed. Central corneal thickness was predicted to
increase by up to 38.5 um (healthy)/97.9 pm (keratoconic).
Spherical aberration also changed upon ICRS implantation. The
protrusion of the posterior cornea behind the rings was well
predicted. The model confirmed the clinically reported trends
on the effect of ring geometry.

Concrusions. FEM is a powerful tool to study the corneal
response to ICRS implantation. The combination of FEM with
individual biomechanical properties and geometry of patients
holds promise to increase the predictability of ICRS surgery.
(Invest Opbthalmol Vis Sci. 2013;54:881-889) DOI:10.1167/
i0vs.12-10852

ntrastromal corneal-ring segments (ICRSs) are currently used
as a refractive technique to correct moderate to high
myopial? and as a therapeutic tool to improve the regularity
of the aberrated corneal shape in astigmatic and keratoconic
eyes.? In the latter, ICRSs also stabilize the weakened cornea.
The first implants of peripheral intracorneal rings in humans
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were reported in 1966.% Later advances included changes in
ICRS geometry (different arc lengths and heights, adjustable
rings>®) and materials (synthetic gels®” or rigid materials®).
Today, the most frequently implanted ICRSs are made of
poly(methyl methacrylate) (PMMA), have a triangular (“Kerar-
ing”; Mediophacos Luda, and “Ferrara”; Ferrara Ophthalmics,
both Belo Horizonte, Brazil) or hexagonal (“Intacs”; Addition
Technology, Des Plaines, IL) shape and are available in several
dimensions. For implantation, a tunnel parallel to the cornea is
created at 70%-80% corneal depth,® in which the ICRS is
subsequently inserted.

Clinical studies report curvature changes of up to —13.75
diopters (D) after ICRS implantation,!® as well as a small
rotation of the ICRS.%!! Clinically, the ICRS height and
optical zone are modified to modulate the desired refractive
change, typically from empirical nomograms. To our knowl-
edge only a few analytical>'2-'% and one numerical study
(Pinsky PM, et al. IOVS 1995;36:ARVO Abstract S308) have
been proposed to model the response of the cornea to the
ICRS. The studies suggest a linear relation between refractive
change and ICRS height (the higher the ICRS, the more
effective) and optical zone (ICRS inner distance to the apex,
the smaller the more effective). This relation is also reflected
in the clinically applied nomograms.!> Although the biome-
chanical mechanisms underlying ICRS implantation have
been approached, modeling relies strongly on the mechan-
ical properties assigned to the corneal tissue and assump-
tions within the model. Corneal biomechanical models have
improved in sophistication, from a single-membrane model
with linear elastic'® or viscoelastic'” material properties, to
hyperelastic orthotropic shell models that account for the
tissue’s microstructure,'® as well as solid viscoelastic (Kling
S., EVER, 2011, Instituto de Optica, CSIC) and nonlinear'®
corneal models. Recently, the finite-element model (FEM) has
also been suggested to model keratoconic corneas.?® The
microstructure of corneal tissue is dominated by collagen
fibers (mainly type I2!) that provide the necessary stability to
maintain the spherical shape of the cornea. Keratoconus is
generally thought to be associated with a local loss of
collagen fibril orientation.?223 This results in a local decrease
of corneal rigidity?#2> and leads to the deformation in form
of a cone.?® The cone is typically slightly displaced interiorly
and temporally from the corneal apex,?? resulting in
increased corneal aberrations?®27 and a highly distorted
vision.?® Keratoconic corneas with central cones were
reported to occur in approximately?® 25% of the patients.

Recently, new quantitative imaging techniques have
allowed analyzing geometric changes of the cornea before
and after ICRS implantation.!! Advanced imaging also allows a
better understanding of the biomechanical mechanisms
occurring with ICRS implantation, as a better verification of
the simulated results is possible. We have developed a solid
hyperelastic FEM of the anterior eye segment and studied the
effect of ICRS implantation as a function of ICRS geometry and
implantation parameters, for both normal corneas and a simple

881



882 Kling and Marcos

anterior cornea

posterior cornea

sclera

Ficure 1. FEM geometry and mesh, consisting of anterior and
posterior cornea, limbus, sclera.

keratoconic model, with an altered elasticity profile. The
model will reveal which parameters are most important to
achieve the attempted refractive corrections after ICRS surgery.
This will give a better understanding of the biomechanical
response of the cornea and, hence, a more accurate prediction
of the postsurgical results.

METHODS

FEM—Cornea

A two-dimensional axis-symmetric model was built with a hypere-
lastic material for the ocular tissues. The geometry was defined by
the cross-section of the anterior quarter of the outer eye coat,
consisting of cornea, limbus, and sclera (see Fig. 1). As previously
found from experiments,3° the anterior cornea was set slightly stiffer
(factor 1.1) than the posterior cornea. Preoperative corneal
curvatures (anterior, posterior) and thickness (538 pm) were
adjusted to represent an emmetropic eye with homogeneous corneal
refraction of 42.2 D over a 6-mm pupil. The calculations were also
performed for a simplified keratoconic eye with a centrally lower
corneal elasticity. We applied a three-parameter Mooney Rivlin
hyperelastic material model, similar to that previously proposed by
Pandolfi et al.,'® with the following parameters: hyp1 =1.500 X 103,
byp2 =1.415 X 10°, hyp3 =2.139 X 107, d = 0.

The cornea was considered almost noncompressible3! and thus
Poisson’s ratio was set to 0.5. Corneal density>? was set to 1062 kg/
m?3. The sclera was modeled with a uniform Young’s modulus of 33.6
MPa, set within the previously reported range (17-60 MPa).33 The
thickness variations along the sclera (from the limbus to the equator)
were taken from the literature for pig eyes.>* The scleral diameter
was adjusted to human sclera (23 mm) and the limbus geometry was
adjusted to match cornea and sclera, with material properties laying
between both. A 15 mm Hg pressure was applied to the posterior
surfaces of cornea, limbus, and sclera, simulating physiologic
intraocular pressure (IOP). Constraints were set at the scleral
equator, permitting axial expansion to represent the natural eye
fixation by the ocular muscles. A quadrilateral mesh was created for
all geometric parts, resulting in approximately 1122 elements: 550
for cornea, 44 for limbus, and 528 for sclera (see Fig. 1). The actual
number of elements was dependent on the small variations in ICRS
height, width, and corneal tunnel dimensions.
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Ficure 2. ICRS geometry and mesh of triangular and hexagonal cross-
sections (height: 350 pum).

FEM Modeling of ICRSs

ICRSs of triangular and hexagonal sections were modeled. Different
ICRS heights and optical zones (defined as the distance from the inner
ICRS edge to the corneal apex) were simulated, consistent with
dimensions available on the market, including: 4.4, 5.0, 5.4, 6.0, and
6.6 mm optical zones; 150-350 pm heights (A =50 pm), and 600 pm
width. The ICRS material was PMMA, an isotropic polymer with a
Young modulus of 1800 MPa, a Poisson’s ratio of 0.48, and a density of
1170 kg/m?3.

Triangular Cross-Sectional ICRSs. For the triangular ICRS the
edges were slightly rounded, consistent with the actual shape of the
ring, as reported from noncontact profilometric shapes of ICRS
samples (Ferrara Rings and KeraRings; Pablo Pérez-Merino and Susana
Marcos, personal communication, 2009). A quadrilateral mesh was
created for the ICRS consisting of 90 to 204 elements, depending on
ICRS height. Triangular ICRSs are fabricated with a plane base; thus,
the geometry was not further modified (see Fig. 2A).

Hexagonal Cross-Sectional ICRSs. For the hexagonal ICRS the
edges were set at 1/6 width. The quadrilateral mesh consisted of 121 to
252 elements. Hexagonal ICRSs are fabricated with a tilted plane,
adapted to the corneal curvature. This was implemented by rotating
the ICRS by —22° (with respect to the position shown in Fig. 2B) for
implantation.

Model Description

For ICRS implantation three steps were considered: (1) Local material
addition (ICRS), causing a local displacement of the corneal tissue.
Friction between corneal tissue and ICRS was neglected. (2) Local
stiffness increase due to PMMA insertion. (3) Applying only to
triangular cross-sectional rings, disagreement between the orientation
of the ICRS base with respect to the corneal tunnel, since the corneal
tunnel is cut parallel to the corneal surface, but the ICRS is
manufactured with a plane base.

Simulation

The simulation of the ICRS was performed following an incrustation
method, using parameters similar to those used for clinical
implantation. In a first step the tunnel was created at 75% depth
of the cornea (oriented parallel to the corneal curvature) like that in
surgery (70%-80%). Clinically, this is done either manually (separat-
ing collagen layers with a mechanical device) or with the use of a
femtosecond laser. We simulated the tunnel by a theoretical gap
between the upper and lower adjacent corneal areas, with a width
slightly larger than that of the ICRS width. Although clinically the
tunnel width is usually cut with a width similar to that of the ICRS,
the corneal tunnel can be extended centrally toward the central
visual axis or eccentrically toward the limbus (especially with
manual tunnel creation).3> A wider tunnel was also consistent with a
more convergent simulation. The inner tunnel distance to the apex
was set according to the optical zone of the ICRS. In a next step the
ICRS geometry was placed within the cornea: for triangular ICRSs
with the center of its base at the center of the tunnel; for hexagonal
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Ficure 3. Positioning of the ICRS with respect to the tunnel (in red)
within the cornea. (A) The triangular ICRS is positioned with the
center of its base at the center of the tunnel. (B) The hexagonal ICRS is
positioned with its center at the center of the tunnel.

ICRSs with its center at the center of the tunnel (see Fig. 3).
Contacts without friction between the corneal tissue and the ICRS
were simulated by flexible-flexible contact pairs3® with a pinball
region (contact search size) of 100 times the size of one finite
element. Ramped effects of collision (i.e., linear increase of acting
forces when establishing contacts) were defined between the ICRS
surfaces and the tunnel surfaces. The response was analyzed after
the ICRS had moved as an effect of establishing the contacts.
Because viscoelastic material properties were not considered, the
predicted deformed corneal shape describes the long-term effect of
ICRS implantation.

Keratoconic Model

We studied a simplified keratoconic model consisting of an axis-
symmetric cone. It is known from previous studies that keratoconic
corneas exhibit a disorder of collagen fiber orientation at the location
of the cone likely resulting in a local reduction of corneal tissue
rigidity??23 and resulting in a large local deformation. A hyperelastic
material considered the nonlinear material properties of the corneal
tissue with strain. In this study we investigated how local stiffness
variations across the cornea affect the result of ICRS implantation. We
simulated a pathologic cornea consisting of a central weakened zone,
of different simulated diameters. Under the application of normal IOP
(15 mm Hg) this led to the typical formation of a cone. Similar simple
FEM models to mimic the local reduced elasticity modulus in
keratoconus and its treatment by cross-linking have been recently
presented by Roy and Dupps.?® Corneal weakening was implemented
by reducing the three hyperelastic parameters (hyp1-3) by a factor of F
=100 in an angular sector of the cornea (defined by the angle from the
apex, at 90°, toward the periphery, with the origin at the center of
curvature of the cornea). Different cone extents were studied. Unless
otherwise noted, the angular extent of the cone in keratoconic corneas
was 7° (corresponding to a cone radius in the anterior cornea of 1.00
mm). The amount of weakening was determined by reducing F until
the IOP produced a deformation leading to a corneal power of 52.6 D
at the cone; this refraction corresponds to a stage II keratoconus in the
Amsler-Krumeich scale. The deformation was consistent with a
decrease in corneal thickness by 58.7 um. Note, the tunnel was
created before applying the IOP; thus, it will deform asymmetrically
depending on the dimensions of the weakened tissue.

Analysis

The effect of ICRS implantation was studied as a function of ICRS
geometry, ICRS position, and changes in local corneal elasticity. The
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Ficure 4. Absolute displacement after standard triangular ICRS
(height: 300 pum; width: 600 pum; optical zone: 2.5-mm radius)
implantation in a normal (A) and in a keratoconic cornea (B).

outcome of the FE model was the deformed shape of the postoperative
cornea (coordinates of the anterior and posterior surfaces).
Calculation of the Change in Refraction. Two different
methods were used to estimate the change in corneal refraction: (1)
changes in the anterior corneal surface only (such as those measured
by keratometry), and (2) changes in the refraction resulting from both
the anterior and posterior corneal surface (such as those measured by
refracting the eye). For (1) the mean radius of corneal curvature in a
central region of 4-mm diameter was estimated by fitting a circle to the
coordinates of the anterior surface (obtained from the FE model). The
keratometer equations were applied to determine the mean corneal
refraction, assuming a refractive index of n = 1.3375 (as done in many
commercial keratometers). Calculations were performed using a
commercial program (Matlab; The MathWorks, Natick, MA). For (2),
the change in corneal power (pre- and postsimulated implantation)
was computed by ray tracing through the anterior and posterior
corneal surface (coordinates obtained from the FEM analysis and fitted
using extended cubic splines). The distance between both surfaces was
set by the corneal thickness at the apex. Refractive indices of 7copnea =
1.376, fwarer = 1.336, and 7yacqum = 1.000 were assumed for the
cornea, aqueous humor, and air, respectively. Calculations were
performed using a commercial optical and illumination design software
(Zemax 12; Radiant Zemax Corporate, Redmond, WA). Corneal power
was estimated for different pupil diameters, ranging from 3- to 6-mm
diameters. These calculations included both the contributions of
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Ficure 5. First principal strain distribution after standard triangular
ICRS (height: 300 pm; width: 600 pm; optical zone: 2.5-mm radius)
implantation in a normal (A) and in a keratoconic cornea (B).

corneal shape and potential changes in the displacement of the corneal
apex. Changes in refraction were calculated considering that the retina
does not move @i.e., an axial shift of the apex reduces the focal length
of the eye).

Calculation of the Change of Spherical Aberration. Changes in
the fourth-order Zernike spherical aberration were calculated using ray
tracing. Aberrations were evaluated in the pupil plane at a distance of 3
mm from the cornea. The spherical aberration of the anterior corneal
surface was estimated assuming a single surface (defined by the
coordinates of the simulated cornea, fitted by cubic splines) and the
corneal index of refraction (z = 1.376). The spherical aberration of the
entire cornea was estimated on a two-surface model (implemented in
Zemax as described above).

Software

Proprietary software (ANSYS APDL 14.0; ANSYS, Inc., Canonsburg, PA)
was used for FEM simulations, a commercial program (MatLab R2010a,
The MathWorks) was used to analyze the geometry of the initial and
deformed cornea, and a commercial illumination design software
(Zemax; Radiant Zemax Corporate) was used to determine the
refractive changes and spherical aberration.

RESULTS

FEM predictions for the deformed corneal shape were analyzed
for normal and keratoconic corneas. The absolute relative
displacement of the surfaces and the first principal strain
distribution resulting from the simulated implantation of a
standard ICRS of triangular section (height: 250 pm; width: 600
pum; optical zone: 2.5 mm) are shown in Figures 4 and 5,
respectively.
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Ficure 6. Changes in corneal power after standard triangular ICRS
(height: 300 pm; width: 600 pm; optical zone: 2.5-mm radius)
implantation in a normal cornea as a function of the pre-op corneal
power, analyzed for a pupil of 4mm diameter.

The anterior cornea showed a smooth transition near the
location of the ICRS position, compared with the marked
protrusion of the posterior cornea behind the ICRS. Although
the geometric changes of the cornea were highly impacted by
the geometry of the ICRS (see next subsections), preoperative
corneal geometric parameters (such as the anterior corneal
curvature) also played a role in the refractive changes after
surgery. Figure 6 shows the effect of preoperative corneal
curvature on refractive correction, with the higher corrections
achieved with flatter corneas (—0.326 D less refractive
correction per 1 D increase in curvature).

Changes in Corneal Thickness

Corneal thickness at the apex increased after ICRS implanta-
tion between 3.91 and 38.5 pum for the normal cornea and
between 66.8 and 97.9 um for the keratoconic cornea,
depending on ICRS geometry (see Fig. 7). The higher ICRSs
produced the largest increase in corneal thickness. Also
hexagonal ICRS cross-sections increased central thickness less
than that of triangular cross-sections.

——normal (triangular ICRS)
—a—keratoconic (triangular ICRS)

~<=normal (hexagonal ICRS)

fury
o
o

change in
~
w

corneal thickness (um)
(9,
o

N
(%)

o

150 200 250 300 350
ICRS height (um)

Ficure 7. Changes in corneal apical thickness after ICRS (width = 600
um) implantation in keratoconic and normal corneas, as a function of
ICRS height (150-350 pm); independent of optical zone dimensions.
The simulation in the normal cornea is for triangular and hexagonal
ICRSs, and for triangular ICRSs in the keratoconic cornea is for a
triangular ICRS.
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Ficure 8. Normal cornea: changes in anterior corneal curvature (A, B) and changes in corneal power (C, D) after ICRS (width = 600 pm)
implantation as a function of ICRS height for different optical zone diameters (4.4-6.6 mm) and cross-sections ([A, Cl: triangular; B, DJ:

hexagonal). Data are for 4-mm-diameter pupil.

Effect of ICRS Geometry on Anterior Corneal
Curvature

Normal Corneas. Figure 8 shows the effect of the ICRS on
the change on the anterior corneal curvature (top row, Figs.
8A, 8B) and the total corneal power (bottom row, Figs. 8C,
8D), as a function of ICRS height, for different optical zone
diameters (4.4-6.6 mm). Simulations were performed for
triangular ICRS (left panels, Figs. 8A, 8C) and hexagonal ICRSs
(right panels, Figs. 8B, 8D). Data are for a pupil of 4-mm
diameter. The largest changes in anterior corneal curvature
occurred for smaller optical zones (for a fixed ICRS height).
ICRS with the largest optical zones (6 mm or larger) appeared
to be ineffective in producing a change in curvature. Also,
changes in anterior corneal curvature increased with ICRS
height (for a fixed optical zone). Corneal power changed in a
manner similar to that of the anterior corneal curvature, with
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slightly less negative refractive change, consistent with the
positive contribution of the posterior surface. Hexagonal ICRSs
produce lower changes than those produced by ICRSs with a
triangular cross-section, but they also show an increase with
ICRS height and a decrease with optical zone diameter.

Keratoconic Corneas. Figure 9 shows the effect of a
triangular ICRS on corneal power on a keratoconic cornea. The
curvature changes as a function of optical zone are similar to
those found in normal corneas, whereas curvature changes as a
function of ICRS height are slightly larger than those in normal
corneas. Hexagonal ICRSs were not analyzed for keratoconic
corneas, in that the triangular section ICRSs are more often
used in clinics in the treatment of keratoconus. For a typical
ICRS geometry used clinically (triangular section, 250 pum
height, 5-mm-diameter optical zone) our simulations predict a
corneal power change close to —10 D.
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Ficure 9. Keratoconic cornea: changes in corneal power after ICRS
implantation (width = 600 pm) as a function of ICRS height for
different optical zone diameters (4.4-6.6 mm). Data are for a 4-mm-
diameter pupil.

Refractive Changes: Contributions to Their Change

The changes in refraction are due to changes in curvature of
both the anterior and posterior corneal surfaces, as well as
changes in the relative position of the corneal apex. Figure 10
shows the relative contributions of the anterior and posterior
corneal surfaces, and the relative shift of the apex (which
ranges from 0.637 mm for the smallest optical zone and
thinnest ICRS to 1.08 mm for the largest optical zone and
highest ICRS) to the refractive change, after implanting a
triangular 5-mm optical zone ICRS in a normal cornea. The
anterior surface and the apex reduced corneal refraction,
whereas the deformations of the posterior surface increased
corneal refraction. On average, changes in the anterior cornea,
posterior cornea, and apex shift contributed by —75.4%,
+12.3%, and —13.4%, respectively, in a normal cornea.

corneal power
L

-y ANt_5mm —a— post_5mm

1
veoee @PEX shift

10

change in
eye refraction (D)

100 150 200 250 300 350 400
ICRS height (pm)

Ficure 10. Contribution of the anterior and posterior corneal
curvature and of the corneal apex shift to the absolute refractive
change, after implantation of a triangular ICRS (width: 600 pm; 5-mm
optical zone diameter) in a normal cornea. Data are for a 4-mm-
diameter pupil.
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Changes in Spherical Aberration

Normal Corneas. Figure 11A shows the change of the
corneal spherical aberration (SA) for different optical zones, for
a 4-mm-diameter pupil. SA was negative (consistent with a
corneal prolate shape), its absolute value increased with ICRS
height (between —0.5 and —1.5 pm), and was stable across
optical zones (in all cases larger than the pupil diameter under
test).

Keratoconic Corneas. ICRSs implanted in a simulated
keratoconic cornea also induced SA, with higher amounts in
most cases than those in normal corneas (up to —3.5 pm).
Unlike in normal corneas, the largest absolute amount of SA
was not induced with the highest ICRSs, but ICRSs with 200-
250 pm height (see Fig. 11B). Also the induced SA varied with
optical zone, with the larger optical zone inducing the largest
amount of SA.

Effect of Keratoconus Size (Axis—Symmetric
Model)

The effect of ICRS implantation on corneal power was highly
dependent on cone size. Figure 12 shows the effect of a
standard triangular ICRS on the corneal reshaping of kerato-
conic corneas with weakened central area of different angular
extents. The cornea was effectively flattened for cone extents
smaller than 13°, but actually steepened for larger cones, with
the corneal power change following a sinusoidal pattern as a
function of cone size. The first point in the graph (0°)
corresponds to a normal cornea. The induced spherical
aberration also changed with cone size, reaching a maximum
(absolute value) for a cone size of 17.5°.

DISCUSSION

We present a finite-element model that identifies the most
important parameters determining corneal deformation (and
hence the change in refractive power) after ICRS implantation.
Most previous predictions of ICRS-induced refractive changes
were based on analytical,>'2-'% numerical (Pinsky PM, et al.
I0VS 1995;36:ARVO Abstract S308), or empirical regression
models.!> Fleming et al.> considered only the anterior corneal
shape for estimations of the corneal refractive change.
Although we can confirm that this is on average the largest
factor (75.4%), our calculations also show that the posterior
surface (11.3%) and the corneal apex shift (13.4%) contribute
significantly to the finally achieved refractive change after ICRS
implantation.

Although our model predicted the overall refractive
outcomes found in patients, we observe slightly larger
differences in the range of predicted refractive corrections
(from 4.09 to —17.71 D in our model, for a 4-mm pupil) in
comparison with clinical results (—1.0 to —6.0 D).!:? Differenc-
es may arise from the assumed input biomechanical properties
of cornea, limbus, and sclera, as well as from the geometric
approximations in the model. We performed axis-symmetric
simulation assuming an ideal spherical outer eye coat and a
360° ICRS. Assuming an ideal spherical eye coat can be justified
for myopic corrections in normal eyes. Also, an axis-symmetric
model for keratoconus is representative of a centrally located
keratoconus, which accounts for approximately 25% of the
keratoconic population.?® Although a larger part of kerato-
conic corneas are asymmetric, the predictions of our
symmetric model are consistent with clinical observations
found in keratoconic patients implanted with ICRS: (1) ICRSs
are more effective for smaller optical zones, (2) and there is an
almost linear relationship between ICRS height and the amount
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Changes of spherical aberration in a (A) normal and (B) keratoconic cornea after implanting triangular ICRSs (width = 600 um) as a

function of ICRS height for different optical zone diameters (4.4-6 mm). Data are for 4-mm-diameter pupil.

of refractive decrease after implantation. We also found the
triangular ICRS to be more effective than the hexagonal ICRS,
which confirms previous clinical observations.” We found
changes in corneal power of keratoconic corneas of 3.31 to
—20.5 D, which are consistent with keratometric reports from
the literature (4.56 to —13.75 D).!° Also the predicted changes
in spherical aberration (—0.34 to —3.07 pm) from our
simulations fall in the range of what is reported clinically
(—0.17 to —0.40 pm).>” We observed an axial shift of the
corneal apex after ICRS implantation (up to —1.08 mm). This
effect has also been observed clinically, reporting a decrease in
the anterior chamber depth after ICRS implantation.?® As we
could confirm in our simulations, the conical deformation in
keratoconus makes the eye longer,>® and the overall axial
length of the eye decreases upon ICRS implantation. Our
model also predicts the trend toward increased corneal
thickness after ICRS implantation'! as a result of material
displacement toward the corneal apex, by 3.91 to 97.9 um
(depending on the ICRS geometry and optical zone), which
falls in the range of clinical observations (17 pum,* 76 pm!'").
Due to the geometric shape of the ICRS, the central corneal

change in
corneal power (D)

0 5 10 15 20
cone angular extent a (deg)

Ficure 12. Changes in corneal power after standard triangular ICRS
(height: 300 pm; width: 600 pm; optical zone: 5-mm radius)
implantation in a cornea with a central weakened zone of different
angular extents (o): 0° (normal cornea) to 20°. The insets illustrate the
definition of the angular dimensions of the cone.
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thickness increase was more evident with triangular than with
hexagonal cross-section (see Fig. 7).

In previous studies it was speculated that the ICRS rotates
within the cornea, because its base is observed to be oriented
with a certain angle respect to the corneal surface.>!! Also an
accumulation of cells at the ICRS edges has been observed
using microscopy,®! and tissue wound healing was attributed
to induce the rotation. However, the disagreement between
the orientation of ICRS base and corneal tunnel (triangular
ICRSs only) is not a true rotation but rather a result from the
plane shape of the rigid ICRS being inserted into the curved
soft cornea. Additional smallest rotations moving the ICRS base
away from its horizontal orientation may occur due to acting
forces along the ICRS or the mentioned healing process. This
effect is much smaller than the disagreement in orientation
between the ICRS base and the corneal tunnel (5-12°1° vs. 45°
[angle between corneal surfaces and ICRS base]) and can also
be observed in the simulations (see Figs. 4, 5).

The biomechanical changes occurring with keratoconus are
still largely unknown, although a decrease in ocular rigidity in
keratoconic eyes has been reported.?>3° This probably results
in a local stretching that would explain the decreased corneal
thickness at the cone. We studied the effect of decreasing the
hyperelastic parameters, which result in a decrease in corneal
stiffness and a local change in curvature. Previous studies?®-42
simulated the weakened keratoconic cornea by decreasing
stiffness and corneal thickness separately. However, ideally, the
change in mechanical parameters would cause the out-bulging
and thinning at once. We captured this aspect in our model by
decreasing corneal stiffness until the IOP led to the formation
of a cone. Note that this weakening refers to the unloaded
cornea. As known from stress-strain graphs, the elastic
modulus of hyperelastic materials depends on the amount that
the material has been stretched. We observe highest strains at
the position of the cone, which causes a local hardening of the
corneal tissue compared to its unloaded condition. From
estimations from our model, the Young’s modulus of the
stressed keratoconic cornea is approximately 10 times weaker
than the normal cornea. Experimentally, the keratoconic
cornea is estimated to be 03 to 2.04%* weaker than normal
cornea. The fact that this is the average across keratocones of
different severity might justify the need of stronger weakening
for a 52.6 D cone like that in our simulation. Our axis-
symmetric keratoconic model described the geometric chang-
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es of a central keratoconus, and allowed us to analyze the
effect of implanting an ICRS with an altered elasticity profile
and the corresponding conical deformation. This is accurate
for centrally located keratocones and a good approximation for
asymmetric keratocones, because the cone is always centered
within the ICRS. Very interestingly, apart from the geometric
parameters of the ICRS and the optical zone, the extent of the
cone played a primary role in the effectiveness of the ICRS. The
lack of effectiveness (and actual sign reversal in the corneal
power range) for larger cones may explain, at least in part, the
high outcome variability found clinically.8-19:15

A limitation of our model is the lack of conformity of the
corneal tissue to the ICRS shape, unlike the evidence from in
vivo OCT images in corneas implanted with ICRSs implanted in
corneas.!! Nevertheless, Twa and colleagues*> observed new
collagen formation, increased keratocyte density, and lipid
accumulation adjacent to the ICRS after implantation. We
suggest that these processes might fill the free space observed
in our simulation. Interestingly, the local shape of the anterior
and posterior cornea in front and behind the ICRS observed in
recently published fully quantitative corneal OCT images of
corneas implanted with ICRSs!! is very well predicted by the
model. Our model relied on the assumption of corneal
mechanical parameters available from the literature. However,
these parameters (in particular the Young’s modulus) varies up
to two orders of magnitude.!®-46-4°

The predictability of our simulations will benefit from an
increased accurate knowledge of the mechanical parameters of
individual patient corneas. Newly developed sys-
tems#2:50,51,53.54 gjve hope that in vivo measurement of corneal
elasticity will be possible soon: (1) optical coherence
tomography (OCD54 allows accurate measurements of
corneal and limbus geometry, which are essential input
parameters to FE models. Furthermore, OCT is useful to
evaluate the outcomes of the model. (2) Brillouin microscopy
has allowed in vivo estimates of the local elasticity map across
the cornea.>® (3) Second-harmonic microscopy (so far only
applicable in vitro due to high-level light exposures) allows
imaging the collagen fiber organization in the intact cor-
nea.>>33 (4) Dynamic corneal imaging in response to an air-
puff response analysis allows gaining insights into dynamic
corneal biomechanical properties in vivo.>!

Our model predicts the effects of ICRS geometry on the
corneal biomechanical response, which will benefit from more
refined models and customized corneal geometric and
mechanical parameters. Besides, the model gives insights on
some surgical aspects that could be modulated to improve the
refractive outcomes. For example, the model predicts that the
relative orientation of the ICRS within the cornea plays a role
in the corneal reshaping. Also, preliminary simulations
suggested an increased effect of ICRS, when the tunnel is cut
with a diameter slightly smaller than the diameter of the ICRS.
Finally, the 2D axis-symmetric model could be extended to 3D
to allow modeling of very asymmetric corneas, frequent in
keratoconus.

In summary, finite-element simulation of ICRS implantation
allows identifying important parameters that determine
corneal reshaping and refractive outcomes. This model permits
a more detailed prediction of the surgical outcomes than
currently used estimations, and thus a more systematic
selection of the most appropriate ICRS parameters as well as
a better understanding of the mechanisms involved in the
biomechanical corneal response to surgery. This approach will
become especially important as biomechanical models of the
cornea become more sophisticated and incorporate corneal
biomechanical properties of individual patients from emerging
quantitative imaging systems.
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