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Laser refractive corneal surgery for the correction of
vision defects has become popular, and its use con-
tinues to increase. Scientific research, technology,
and the design of new instruments to improve refrac-
tive errors have drawn the attention of specialized
physicians, physicists, engineers, and opticians. The
probability of a successful intervention increases
with the reliability of sophisticated surgical instru-
ments and the availability of accurate nomograms.'
Nevertheless, additional predictive tools based on
numerical models of the eye that simulate different
phases of surgery can be useful to the surgeon, in
particular for corneas with topography anomalies
and irregularities.”

A numerical model of the eye consists of a geomet-
rical model and a material model. The geometrical
model describes the shape of the anterior and posterior
surfaces of the cornea because the refractive power is
connected to the lens curvature. The material model
describes the mechanical behavior of the stroma (the
thickest layer of the cornea with evident bearing func-
tions). The material model must be able to reproduce
the experimental evidence, and it must be character-
ized by algorithmic robustness and computational
efficiency. Noninvasive imaging techniques, such as
optical coherence tomography, capture digital images
of the exact geometry of the cornea under the action of
the physiologic intraocular pressure (IOP) (average



approximately 16 mm Hg) and record the corneal
deformation resulting from the application of brief,
localized air pressure. The knowledge of the mechanical
response of the cornea to known actions, for example in
the form of a sequence of images reproducing different
phases of the deformation, is fundamental for the cali-
bration of advanced material models that describe the
micromechanical structure of the stroma.

In recent years, several material models have been
developed for or adapted to the behavior the stromal
tissue. These include models that account for the
different components of the lamella (collagen fibrils,
extrafibrillar matrix, and proteoglycans),” models
that emphasize the presence of 2 sets of fibrils,” visco-
elastic models,” models with distributed orientation of
fibers for 2-dimensional (2-D)°® or 3-dimensional
(3-D) tissues,”'” and models including the uncrimping
of collagen.'" Material models for the stroma must ac-
count for quasi-incompressibility, anisotropy, and
spatial distribution of the orientation of the collagen fi-
brils with different degrees of dispersion according to
the location in the cornea. Recent studies'*'* discuss
advanced approaches for the evaluation of the
mechanical properties of the cornea. In particular,
Studer et al."” state that complex multiparameter
models calibrated over a limited set of data might be
misleading.

The use of numerical models—in particular those
based on finite-element discretization—for the simula-
tion of the mechanical behavior of the human cornea
began in the late 1990s. The first examples of calcula-
tions combined inflation experiments and numerical
simulations using linear elasticity and 2-D models."®
Tridimensional models of the cornea using nonlinear
elasticity and including anisotropy were developed
to simulate keratoconus'”'® and laser refractive
surgery.”'”?’ The availability of advanced numerical
methods also allows for qualitative comparisons be-
tween the preoperative and postoperative behavior
of the cornea,’! estimation of the influence of material
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models™ and of geometrical and material parame-
ters”® on the mechanical response of the cornea, simu-
lation of advanced astigmatism correction
procedures,” and real-time simulation of surgery by
reduced-order modeling.”” Most published material
refers to ideal geometries and material models cali-
brated on average experimental data. Often, the exper-
imental data are taken directly from the literature and
the numerical simulations are purely qualitative, nulli-
fying the possibility of being predictive. Recent nu-
merical studies point out the need to use the correct
geometry and the corresponding material properties
in view of reliable simulations. A study of porcine cor-
neas”® proved that sole knowledge of the cornea geom-
etry does not permit the prediction of the overall
mechanical behavior and that once the material model
is chosen, every single simulation requires accurate
calibration of the patient-specific material properties.
In the past, patient-specific finite element simulations
of refractive and cataract surgery have been pub-
lished."”*" The results show that given the exact geom-
etry of a patient's eye, the corresponding material
properties should be calibrated using nondestructive
tests. If individual in vivo tests are missing, help in
the choice of the material properties can be sought
by considering the inevitable link between mechanics
and optics.”" >

The aim of the present study was to assess the ability
of an improved patient-specific version of a finite-
element code™”” in predicting the optical and biome-
chanical outcomes of RK, in particular the corrected
refractive power and the postoperative stress distribu-
tion in the treated corneas. The current version of the
finite-element code includes a procedure that
replicates the typical corneal ablation in PRK*’ and
uses improved models of statistically distributed fiber
materials.'’ Several recent studies™’ discuss
including the description of the fibril organization in
the human cornea. The material model used in the pre-
sent calculations was proved to be sufficiently accurate,
robust, and efficient. For the sake of convenience, we
used our numerical model of the cornea and a material
model developed in our group because of the aware-
ness of the features of the code and the large variety
of output data.

PATIENTS AND METHODS

This study comprised patients ranging in age from 20 to
40 years in whom PRK for myopic or myopic compound
astigmatism was performed between 2007 and 2009 at
Athineum Refractive Center, Athens, Greece. All patients
returned for a 3-month follow-up. Preoperative and short-
term postoperative corneal topographic maps were avail-
able and were used to set up patient-specific numerical
simulations.
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A preliminary examination was performed in all eyes to
exclude atypical geometry or the presence of pathology char-
acterized by reduced mechanical properties. Eyes with
asymmetric topography or keratoconus suspect were
excluded.

Preoperatively, a comprehensive ophthalmologic exami-
nation was performed. The evaluation included logMAR
uncorrected distance visual acuity and corrected distance
visual acuity, manifest refraction (sphere and cylinder), sli-
tlamp biomicroscopy, Goldmann tonometry, fundus exami-
nation, central corneal thickness (CCT) measured by
ultrasound (US) pachymetry, and corneal topographic and
aberrometric analysis using the Orbscan II scanning-slit
corneal topographer and software (Bausch & Lomb). Three
months postoperatively, another comprehensive ophthal-
mologic examination was performed that included US
pachymetry and corneal topographic and aberrometric
analysis.

Surgical Technique

The same experienced surgeon (K.M.) performed all PRK
procedures using the Amaris excimer laser (Schwind
eye-tech-solutions GmbH and Co. KG) and a wavefront-
optimized ablation profile. The intraoperative data included
the ablation depth, optical zone, residual stromal bed, and
ablation ratio, calculated as the ratio between the ablation
depth and the CCT.

After epithelial debridement, the excimer laser ablation
was performed using the pupil center under mesopic condi-
tions as a center reference. Mitomycin-C 0.02% was adminis-
tered for 30 seconds on the exposed corneal bed. Finally, a
soft contact lens was placed and maintained until reepitheli-
alization was complete (from 4 to 6 days). Topical tobramy-
cin and dexamethasone eyedrops were used postoperatively
every 6 hours for 1 week. Topical lubricants were given
every 6 hours for 1 month.

Corneal Topography

The study evaluated corneal topography maps of the
geometry of the human cornea at the physiologic configura-
tion, when the organ is characterized by internal stresses that
balance the action of the IOP. The Orbscan II scanning-slit
corneal topographer uses an illuminated ring pattern and a
beam of light across the cornea. The image sensors acquire
the geometry of more than 9000 points on the corneal sur-
face. The software produces several color maps describing
relative elevation of the anterior surface of the cornea with
respect to the anterior best-fit sphere (BFS), relative elevation
of the posterior surface with respect to the posterior BFS, pa-
chymetry, and axial refractive power. The axial refractive po-
wer map is built by using locally Snell's law as follows:
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where RP is the refractive power, 1., = 1.3375 is the refrac-
tive index of the cornea, n,, = 1.336 is the refractive index of
the humor aqueous, and R*™ and RP*® are the best approxi-
mation within the optical zone of the distance measured
along the line orthogonal to the anterior and posterior
corneal surface, respectively, from the ocular axis. The refrac-
tive power is expressed in diopters (D=m"").

In addition to the global maps, the scanning-slit corneal
topographer's output includes the main geometric

parameters of the cornea. Of the parameters, this study
used the radius of the BFS, white-to-white (WTW) distance,
minimum and the maximum thicknesses at the limbus,
refractive power, and orientation of the steepest and the flat-
test meridia. To verify rapidly the shape of the corneal
geometry, an approximation of the anterior curvatures at
the corneal apex in the direction of the 2 principal
meridia (ie, Rs and R¢) was computed by inputting into equa-
tion 1 the maximum and minimum values of refractive po-
wer for the anterior surface and the BFS value of the
posterior surface. Vice versa, from the numerical geometry
of the cornea, the curvature along the principal meridia can
be evaluated and the corresponding refractive power
computed directly using equation 1.

It is well known that the Orbscan II topographer is not the
best and most up-to-date instrument for acquiring the topol-
ogy of the eye. In particular, the topographer's measurement
precision is limited to the central 3.0 mm optical zone and its
accuracy in capturing the shape of the posterior corneal sur-
face, especially after PRK, is a potential limitation. The Orbs-
can II typically shows posterior surface changes that are not
observed with other imaging modalities and more accurate
measurements can be considered.®'>° In the present work,
it was decided to use the data from the instrument because
the information was sufficient for the study's goal, although
the model results may differ from the ones obtained with
more sophisticated instruments because of differences in
posterior surface data between imaging devices. In this
study, corneal maps of refractive power were not produced;
rather, a selected number of meridia were considered and the
refractive power was computed using the best approxi-
mating circumference in the central optical zone. According
to preliminary numerical tests, the larger influence on the
mechanical response of the cornea in this study's model
was due to the boundary conditions at the limbus, which
affect the actual deformed geometry of the corneal periphery
region. The direct influence on the mechanical response of
the cornea on the limbus thickness and of the stress-free
shape of the corneal periphery, which is thicker and less
deformable with respect to the central zone, as well as the
assumed fibril circumferential organization at the limbus ap-
peared to have less influence than the limbus boundary
conditions.””

Geometric Model

The numerical model of the cornea was first presented by
Pandolfi et al.”’ The cornea is a thin dome-shaped shell con-
nected to the white sclera through the limbus. The 3.0 mm
radius central zone, called the optical zone, is responsible
for the correct focusing of light rays on the retina. The opti-
mum shape for the optical zone is a spherical cap; however,
such a shape is very unlikely in human eyes, in which small
deviations from perfect sphericity are normal. An accurate
description of the shape of the anterior and posterior surfaces
of the cornea is given by biconic equations,”® whose param-
eters can be easily evaluated by best fitting the set of points
acquired by the scanning-slit corneal topographer's system.
An explicit biconic equation in a cylindrical reference system
(p,9, z) is given by
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In equation 2, a is the direction of steepest meridian with
respect to the nasal-temporal direction and Qg and Qy are
the asphericity parameters in direction o and direction
o + /2, respectively, computed by the best fit of the
scanning-slit corneal topographer's data. The apex height
zo is estimated from the value of the BFS radius and the
WTW using and basic trigonometric relationships. The sur-
face described by equation 2 reaches the maximum value z,
at p = 0. The principal sections of the biconic surface can be
oblate (Q; > 0) or prolate (—1 < Q; < 0) ellipses, circum-
ferences (Q; = 0), or parabolas (Q; = —1). Equation 2 may
be customized to exclude 1 or 2 asphericity parameters and
describe more regular shapes. The construction of the solid
model of the cornea also requires the knowledge of exten-
sions of the optical zone and of the peripheral annular
zone, the latter given by the WTW distance. The minimum
thickness of the optical zone must correspond to the
scanning-slit corneal topographer's data, and the distribu-
tion of the thickness in the peripheral zone is also taken
from the thickness map. The patient-specific solid model
is then discretized into 8-node brick finite elements* accord-
ing to the specified mesh size. In the current simulations,
the discretized model consists of 2500 nodes and 1740 ele-
ments (Figure 1).

Unlike other approaches,”’ this study modeled the cornea
only, not the whole eye. Therefore, in this model, the
displacement boundary conditions must describe the
compliant support offered by the limbus. As discussed in
previous studies,”’*” the limbus does not allow radial expan-
sion of the cornea but only the rotation about the mean
circumference of the limbus. In addition, given the stiffness
of the limbus structure, the displacements of the mean
limbus circumference in the z direction are uniform and do
not affect the corneal deformation; therefore, they can be
assumed to be null.

Material Model

In the numerical simulations, a corneal material model

based on the statistically distributed fiber reinforcement
10

concept was used.~ The model considered the structurally

Figure 1. Solid model of one of the human corneas (case 5, right eye)
in the physiologic configuration and finite element discretization.
Left: Top view. Right, top: Nasal-temporal meridian section. Right,
bottom: Nasal-temporal side view. The nodes at the limbus are
blocked in the radial direction, and the displacements in the z direc-
tion allow rotation of the shell about the central circumference of the
limbus.

relevant layer of the cornea (ie, stroma) only; the thinner
membranes were disregarded, mainly for lack of informa-
tion about their mechanical properties. A reversible material
behavior was assumed because the eyes in this study did not
show degenerative behavior postoperatively. The mechani-
cal behavior of the stroma is described through an aniso-
tropic hyperelastic material, which accounts for a 3-D von
Mises-type distribution of the orientation of the collagen
fibril families. The strain energy density function ¥ is
assumed to be the sum of 3 independent terms with full sep-
aration of the arguments as follows:

U=, (]) + Wiso (Tl ) 72) + Waniso (Tz]\/[)

The term W, accounts for the volumetric elastic response
and depends on the Jacobian | = det F, where F = dx/dX
is the deformation gradient and det is the symbol for the
determinant operator. The term W, has the function of
enforcing the incompressibility constraint and has the oper-
ative form

W (]) = %K(}Z —1-2log]))

where K is a stiffness coefficient related to the bulk modulus.
The term W;,, describes the behavior of the isotropic compo-
nents of the material, and depends on the first and second
invariants, I; and I, (Appendix A) of the isochoric Cauchy-
Green deformation tensor C=F F, with F= J7Y3F, according
to the Mooney-Rivlin model as follows:

— 1 - 1 -
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where i = p; + 5 is the shear modulus of the material. The
term W50 addresses the anisotropic contribution of 2 non-
randomly oriented collagen fibrils. A fibril family M is
defined in terms of a unit vector field ay; that identifies the
main orientation of the family. The spatial distribution of
the fibrils at a point follows the normalized von Mises distri-
bution, characterized by the dispersion coefficient by, (p, 6,
z) > 0. The anisotropic strain energy function Wi, used
in the model is

. 2. 1k —
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where ki are stiffness parameters and kyyr are dimension-
less rigidity parameters. Appendix A shows the expressions
of the variables in equation 3 and equation 4. The details,
properties, and advantages of the chosen material model
can be found in the original paper.'’

The adopted material model requires the definition of 7
material parameters (K, w1, Wo, k11, ko1, k12, k2o) and the
spatial distribution of the main orientation ay; of the fi-
brils and of the coefficient by (p, 0, z) in the entire
cornea. An accurate description of the collagen fibrils
orientation and density distribution in the human cornea
has been discussed,””***” and it was taken as the basis
for the definition of the material model of the human
cornea.'’** Figure 2 shows the orientation and the disper-
sion of the fibrils on the anterior surface of the cornea
used in the present calculations.

As mentioned, the optimum choice of the material param-
eters should be based on patient-specific nondestructive
in vivo mechanical tests; for example, by applying a short,
intense air jet to the center of the cornea and recording the



Figure 2. Distribution of the orientation and anisotropy level of the 2
sets of fibers in the top layer of the finite element model of the cornea
used in the present calculation. Geometry refers to the right eye of
case 5. Top: Mean orientation of the fibrils. Bottorn: Contour level of
the scalar variable ky (see Appendix B) expressing the level of the
anisotropy. The light gray represents strong anisotropy and the
dark gray, dominant isotropy (see also Niroomandi et al.””).

subsequent deformation of the cornea with imaging systems.
Unfortunately, the data considered here did not include me-
chanical tests but only geometric measurements correspond-
ing to 2 situations; that is, preoperative and postoperative.
Therefore, the calibration of the material parameters was
performed in 2 steps. First, an initial set of material proper-
ties for the chosen material model was calibrated considering
the inflation tests on human corneas documented by Bryant
and McDonnell." In this phase, geometry of the left eye in
case 1 was adopted and fixed boundary conditions at the
limbus were used to replicate the experimental conditions.
The initial set of calibrated parameters was refined subse-
quently for each case by evaluating the mechanical response
of the patient-specific cornea under physiologic IOP in pre-
operative geometry and postoperative geometry.

The rationale behind the calibration was as follows: The
solid model built with the scanning-slit corneal topogra-
pher's data corresponds to the stressed configuration of the
cornea, which reacts to the patient-specific IOP. Therefore,
the geometry of the solid model to be used in the finite
element method should be modified to represent the natural,
or stress-free, configuration, corresponding to a zero IOP.
The finite-element code used here had a built-in procedure
to identify the natural, or unloaded, conﬁguration.20
Appendix B shows the procedure in brief.

In the present study, it was assumed that the material
properties of the stroma do not change after the surgery.
However, because the thickness of the shell structure was
modified, the structural properties were modified, changing
the mechanical response of the cornea. The material proper-
ties for the different cases were selected by alternating the
simulation of the preoperative and postoperative configura-
tions; the stress-free configuration had to be determined for
both. It was assumed that in the stress-free configurations,
the geometry of the posterior surface of the cornea must be
equal in the preoperative cornea and the postoperative
cornea.

Using this procedure, the material properties were cali-
brated to fit both eyes in case 1. Then, use of the same set
of material properties was attempted in all the other cases.
In 2 cases, the results were acceptable and the 2 cases were
grouped with case 1. In 2 other cases, the code did not
converge during the iterative procedure used for the identi-
fication of the stress-free configuration. The missing conver-
gence of the nonlinear procedure signals instability of the
corneal shell structure. This means that for particular geom-
etries of the cornea, the material must be characterized by
stiffer values of the parameters connected with the isotropic
behavior. The isotropic components provide support at low
IOP values, when the collagen fibrils are not yet recruited.
Therefore, a new set of material properties had to be chosen
to fit the behavior of the eyes in the last 2 cases. This rather
costly procedure provided the stress-free geometry and ma-
terial properties.

This procedure calibrated the model to inflation data in
the range of 0 to 16 mm Hg only, which could lead to
nonunique parameters that control properties at higher
strain levels. This point should be considered when the
model is be applied in the simulation of surgical procedures
other than PRK that can cause local stress concentrations
(eg, arcuate incisions or intracorneal stromal ring
segments).

After the identification of the stress-free configuration and
of the set of material parameters for each case under study, a
quasistatic analysis under increasing IOP (0 to 40 mm Hg)
was performed. The analysis provided information on the
displacement and stress fields at different IOPs.

Plots of the IOP of versus the apical displacement pro-
vide useful synthesis of the results of an experimental or nu-
merical analysis under increasing IOP. Changes in the apex
elevation and curvature of the cornea at different IOPs
imply changes in the refractive power of the cornea. The
code used in this study computed the local refractive power
along any meridian considering the central 3.0 mm zone
and using equation 1.

The cornea shell is in a tensile state, and in normal condi-
tions the highest stresses are in the central region. For the
cases in this study, the nasal-temporal and superior-inferior
components of the Cauchy stress at the physiologic IOP of
16 mm Hg were evaluated at the center of the cornea, close



Table 1. Geometric eye parameters provided by the scanning-slit topographer for the 10 preoperative cases.

Case/Eye BSF™ (mm) BFSP** (mm) WTW (mm) tipex (M) timbus (kM) R¢ (mm) R (mm) R, (mm) RS (mm) zo (mm) o (°)

1/L 8.01 6.55 11.6 561
1/R 8.03 6.57 11.6 562
2/L 7.95 6.62 123 538
2/R 7.87 6.58 12.4 544
3/L 8.06 6.58 11.6 563
3/R 7.86 6.38 113 562
4/L 7.98 6.53 11.6 541
4/R 8.04 6.60 11.6 554
5/L 7.77 6.13 11.0 538
5/R 7.64 6.24 11.1 541

668 7.755 7.484 7.537 7.437 2.486 80
692 7.839 7.572 7.616 7.514 2477 89
690 7.654 7.752 7.562 7.787 2.912 59
660 7.649 7.748 7.541 7.777 3.023 122
673 7.696 7.739 7.587 7.780 2.463 86
702 7.468 7.619 7.439 7.529 2.396 18
682 7.850 7.908 7.565 7.787 2.499 83
675 7.877 7.939 7.667 7.885 2472 84
653 7.067 6.859 6.924 6.870 2282 101
636 7.232 7.277 7.096 7.290 2.390 87

o. = cylinder angle; BFSP*® = best fitting curvature radius for the posterior surface; BSF*™ = best fitting curvature radius for the anterior surface; R = flattest
curvature radius; Rf‘ = flattest curvature radius for the stress free configuration; Ry = steepest curvature radius; R:f = steepest curvature radius for the stress
free configuration; t,pex = thickness at the apex; timpus = average thickness at the limbus; WTW = white-to-white distance; zy = elevation at apex

to the anterior surface and posterior surface for the preoper-
ative and postoperative configurations.

Built-in Reprofiling Procedure

The second goal was the patient-specific verification of a nu-
merical reprofiling procedure™ implemented in the finite-
element code. By automatically remodeling the anterior sur-
face of the numerical cornea according to the expected final
profile, one can predict the mechanical and optical outcomes
of a planned refractive surgery. A PRK intervention is
controlled by the spherical correction and cylindrical correc-
tion that will provide the desired corneal refraction. The sur-
geon carefully chooses these data on the basis of
examination of the patient's eye, and the surgical instrumenta-
tion is programmed to follow a patient-specific ablation
pattern. In cylindrical coordinates, an ablation pattern is
described by a continuous non-negative function z = f (p, 8),
where p is the distance from the corneal apex and 6 is the angle
with respect to the nasal-temporal direction. Ablation patterns
are designed in 2 regions; that is, the optical zone (ie, central
zone where the refractive correction is accurately planned)
and the transition zone, characterized by a smooth and

continuous change in curvature between the treated regions
and the untreated regions.”®**"* The intervention is irrevers-
ible, and when there are irregularities in the corneal geometry
or of anomalies in the stromal tissue, the actual outcomes of a
planned ablation might be unpredictable.

In the finite-element code used here, a procedure was im-
plemented that modifies the anterior surface of a preopera-
tive cornea according to the planned ablation”’ and for IOP
in the physiologic range, computes the corneal geometry,
the refractive power, and the distribution of the stresses in
the stroma. The input of the built-in reprofiling procedure
are the radius of the ablated zone and the standard data
used in the refractive surgery; that is, the power correction
P. through the following fundamental parameters: the
spherical correction S, the cylindrical correction C. at the as-
signed angle o, with respect to the nasal-temporal direction:

P.=5.+C, x d,

The ablation patterns implemented in the code obey the
Munnerlyn equation’' in axisymmetric cases or a profile
described by the difference in 2 biconic surfaces in astigmatic
cases. Details of the reprofiling equations and their theoret-
ical derivation are described Pandolfi et al.”’

Table 2. Geometric eye parameters provided by the scanning-slit topographer for the 10 postoperative cases.

Case/Eye BSF*™ (mm) BFSP®® (mm) WTW (mm) tapex (HM)  timpys (M)  R¢ (mm) R (mm) R (mm) RIS (mm) zp (mm) o (°)

1/L 8.24 6.58 11.6 492
1/R 8.35 6.53 11.6 459
2/L 8.09 6.60 12.5 501
2/R 7.99 6.56 12.4 492
3/L 8.18 6.42 11.4 491
3/R 8.05 6.36 113 520
4/L 8.35 6.55 11.7 456
4/R 8.24 6.53 11.6 462
5/L 7.93 6.10 11.0 501
5/R 7.75 6.19 11.1 492

668 8.365 8.065 7.907 7.820 2.387 100
692 8.666 8.669 8.320 8.482 2.343 98
690 8.046 8.183 7.943 8.121 2.953 83
660 8.005 7.731 7.821 7.732 2950 150
673 8.139 8.161 7.949 8.116 2313 103
702 7.973 8.008 7.889 8.059 2.316 96
682 8.268 8.322 8.055 8.260 2.392 85
675 8.229 8.282 8.000 8.203 2.387 92
653 7.325 7.364 7.199 7.379 2217 104
636 7.576 7.604 7.382 7.556 2.341 95

o. = cylinder angle; BFSP*® = best fitting curvature radius for the posterior surface; BSF*™ = best fitting curvature radius for the anterior surface; R = flattest
curvature radius; Rf‘ = flattest curvature radius for the stress free configuration; Ry = steepest curvature radius; R;f = steepest curvature radius for the stress
free configuration; t,pex = thickness at the apex; timbus = average thickness at the limbus; WTW = white-to-white distance; z, = elevation at apex




Table 3. The 2 sets of material parameters identified in the 10 eyes.

Group Cases K (MPa) w (MPa) 1o (MPa) ki1 (MPa) ko1 ki (MPa) koo
Group 1 1,3,5 5.5 0.06 —0.01 0.04 200 0.04 200
Group 2 2,4 5.5 0.09 —0.02 0.04 200 0.04 200

K = bulk modulus; ki; = first fiber family stiffness; ki, = first fiber family
Wy = first shear modulus; p, = second shear modulus

rigidity; ky; = second fiber family stiffness; ko, = second fiber family rigidity;

RESULTS

The study comprised 10 eyes of 5 patients. Table 1 and
Table 2 show the stress-free curvatures for the preop-
erative geometry and postoperative geometry, respec-
tively. Table 3 shows the material properties for the 2
material groups. Table 4 shows the refractive data
related to the PRK procedure in the 10 cases. The abla-
tion profiles applied for the numerical procedure were
described by biconic surfaces in 6 cases and by ellip-
soidal surfaces in the remaining 4 cases.

Figure 3, A, and Figure 3, B, show the mean IOP-
apical displacement curve + the standard deviation
(SD) in the 2 material groups computed for the preop-
erative configuration and the postoperative configura-
tion, respectively. The mean maximum apical
displacement in the 10 cases was 0.377 mm =+ 0.008
(SD) preoperatively and 0.404 £ 0.019 mm postopera-
tively; this represents a 7% increase from preoperative
to postoperative. The built-in reprofiling procedure
produced results similar to those obtained directly us-
ing the scanning-slit corneal topographer data in

Table 4. Refractive power difference between preoperative
configuration and postoperative configuration evaluated from
corneal topographies and the spherical correction and cylindrical
correction used in the reprofiling simulations.

ARPNT.  ARPSL

At She Ce O
Case/Eye (D) (D) (pm) O O )
1/L -3.33 -2.26 69 226 1.07 10
1/R —5.84 —5.63 103 563 0.21 0
2/L —2.21 —2.25 37 221 — —
2/R -0.47 -0.39 52 0.39 = =
3/L —2.29 —1.83 72 1.83 047 0
3/R —2.56 -3.09 42 256 053 100
4/L —2.44 -2.89 85 244 045 80
4/R —2.20 —2.14 92 214 = =
5/L -2.76 -2.83 37 276 — —
5/R -2.28 -1.90 49 190 0.38 0

o = angle refractive correction used to simulate surgery with numerical re-
profiling; C. = cylindrical refractive correction used to simulate surgery
with numerical reprofiling; S. = spherical refractive correction used to
simulate surgery with numerical reprofiling; ARPN', = change in refractive
powerin the nasal-temporal direction; ARP%', = change in refractive power
in the superior-inferior direction; At = change in thickness (ie, decrease)

postoperative eyes. Figure 3, C, shows the plot of the
mean IOP versus the apical displacement obtained
through numerical simulations with reference to the
preoperative response, the postoperative response,
and the prediction of the built-in reprofiling procedure
in material Group 1. Figure 3, D, shows these results in
material Group 2.

The refractive power predicted by the built-in re-
profiling procedure was close to the refractive power
numerically computed for the postoperative geome-
try (Table 5). In the 10 cases, the mean difference
between the prediction of the built-in reprofiling pro-
cedure and the postoperative simulation in the refrac-
tive power was 1.2% + 1.4% in the nasal-temporal
meridian and 1.9% £ 1.2% in the superior-inferior
meridian.

In some cases, the agreement in the results of the
built-in reprofiling procedure and the postoperative
analysis was particularly high. For the left eye in
case 4, Figure 4 compares the numerical response for
the preoperative cornea, the postoperative cornea,
and the prediction of the built-in reprofiling procedure
for the apical displacement and the refractive power
along the nasal-temporal meridian.

Tables 6 shows the anterior and posterior corneal
surface stresses in the preoperative configuration in
each case, and Table 7 shows the values in the postop-
erative configuration. Figure 5 shows the mean
numerically evaluated Cauchy stress components (in
kPa) at the center of the anterior surface and posterior
surface of the cornea. The maximum postoperative
stress on the anterior surface increased by 20% over
the preoperative stress, and the SD showed a 150% in-
crease. The increase in the mean stress on the posterior
surface was less marked (approximately 10%), with a
16% increase in the SD.

For the highest refractive correction considered in
the study (right eye, case 1), Figure 6 shows the dis-
tribution of the Cauchy stress component in the
nasal-temporal direction on the anterior surface of
the cornea at the physiologic IOP and compares the
outcomes of the preoperative, postoperative, and re-
profiling analyses. The color maps vary between
null stress (blue) to 22 kPa (red). The estimated post-
operative increase in the nasal-temporal and
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Figure 3. Numerically computed IOP versus apical displacement curves. A: Mean response of the preoperative eyes by material group. B: Mean
response of the postoperative eyes by material groups. C: Mean responses for eyes of material Group 1. D: Mean responses for eyes of material

Group 2 (IOP = intraocular pressure).

superior-inferior stresses on the anterior surface was
approximately 47% in the postoperative analysis and
the reprofiling analysis.

DISCUSSION

We present a quasistatic analysis of the mechanical
response of 10 human corneas before and after PRK.
The simulations were performed using an ad hoc
finite-element code able to account for all the geomet-
rical and material nonlinearities typical of biologic or-
gans. They also included procedures to identify the
stress-free (or natural) configuration of the cornea
and to mimic the PRK reprofiling of the anterior sur-
face of the cornea.

The numerical analyses predicted the biomechanical
and optical outcomes of PRK. In particular, the numer-
ical calculations estimated the postoperative refractive

power along any meridian and the stress distribution
in the cornea model. The mechanical response consists
of the displacement and the strain field, which are
direct outputs of the numerical analyses. From the
strain field, the material model provided the stress
field within the cornea.

The displacement field describes the motion of the
cornea under the action of JOP. Because of the elas-
ticity, the apical displacement increases with
increasing IOP, and this effect is more evident
when the material is more compliant (softer) and
when the cornea is thinner. The numerical analyses
clearly showed that the corneal thinning caused by
PRK increased the compliance of the corneas and
their sensitivity to IOP.

The apical displacement predictions of the reprofil-
ing procedure were reasonably good with respect to
the calculation of the postoperative geometry. The



Table 5. Percentage difference between the refractive power
provided by the built-in reprofiling procedure and the refractive
power numerically computed for the postoperative configura-
tion at an IOP of 16 mm Hg.

Meridian
Case/Eye N-T S-1
1/L 3.4 5.0
1/R 3.3 0.2
2/L -0.7 2.7
2/R 12 13
)L, 15 25
3/R 23 13
4/L -0.2 1.6
4/R -0.5 23
5/L 0.2 1.6
5/R 1.2 0.9

N-T = nasal-temporal; S-I = superior-inferior

differences in the apical displacement were, in general,
below 1%, and the few cases in which the differences
were larger had an ablation profile that was described
by a biconic equation. The comparison between surgi-
cal outcomes and built-in procedure predictions for
eyes in material Group 1 was excellent. The prediction
of the built-in procedure was less precise for the eyes in
Group 2. A reason for the discrepancy might be that
for 3 of 4 eyes in Group 2, we disregarded in the re-
profiling procedure the small cylindrical correction
(<0.5 D) that was included in the actual surgery. We
did this because in terms of refractive power, the nu-
merical reprofiling procedure provided results worse
than the ones obtained with the spherical correction
only. Thus, the numerically reprofiled corneas were
thicker and stiffer than the postoperative ones. In
limiting the refractive power error, we obtained a
larger error on the apical displacement. The large dif-
ferences that appear in some cases also occurred
because the ablation profile used in the built-in re-
profiling procedure was not the same as that used by
the excimer laser. The information about the actual
ablation profile was not available to us; we knew the
basic correction parameters only. In terms of applying
the proposed numerical procedure in clinical practice,
the exact ablation profile that will be used for the pa-
tient must be considered.

Apical displacement is a convenient parameter for
a statistical analysis. Although it alone cannot guar-
antee the predictability of a model, when combined
with the 2 curvatures along superior-inferior and
nasal-temporal meridian, it can be considered accept-
able in describing the numerical outcomes of simula-
tions of individual cases. The increase in forward
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Figure 4. Numerical results for the left eye of case 5. Local refractive
power evaluated in the central 3.0 mm (IOP = intraocular pressure).

displacement of the apex implies a small reduction
in local curvature and a reduction in the planned
correction for myopia. Therefore, the optical out-
comes of PRK depend not only on the ablation profile
but also on the mechanical response of the system.
This secondary effect may explain the undercorrec-
tion or overcorrection that can occur during refractive
surgery. Figure 4, top, shows that the refractive po-
wer in the central 3.0 mm was modified slightly by
the IOP, although the value of the refractive power
was rather stable in the range of the physiologic
IOP. In addition, as Figure 4, bottom, shows, the post-
operative refractive power was more sensitive to IOP
changes than the preoperative refractive power. This
was clearly seen with low IOP and was the result of
the higher compliance of a thinner cornea.

Another important consequence of the refractive
surgery that is not yet sufficiently considered in
the common practice is the increase in stress inside
the cornea. Numerical calculations provide an



Table 6. Anterior and posterior corneal surface stresses (kPa) in the preoperative condition.
Corneal Surface Stress
Nasal-Temporal Superior-Inferior von Mises

Case/Eye Anterior Posterior Anterior Posterior Anterior Posterior
1/L 14.8 10.7 14.8 10.8 21.0 16.1
1/R 15.2 10.2 151 10.2 21.6 15.7
2/L 15.2 14.9 15.1 14.8 21.5 21.1
2/R 143 14.6 14.2 145 20.2 20.7
L, 16.6 9.4 16.5 9.3 23.9 15.8
3/R 16.3 8.4 16.3 8.4 23.7 15.4
4/L 17.2 115 17.0 115 243 17.6
4/R 15.9 9.8 15.7 9.7 22.6 15.5
5/L 16.7 115 16.6 114 23.6 17.4
5/R 17.1 11.0 16.9 10.9 242 17.1
Mean + SD 159 £ 1.0 11.2 £ 2.0 158 + 0.9 11.2 + 2.0 227+ 14 172 £ 20

estimate of the stress field; the accuracy of these cal-
culations depends strongly on the material and
geometrical models chosen. The corneal shell is in
a tensile stress state and under normal conditions,
the highest stress is in the central region. The knowl-
edge of the preoperative stress and postoperative
stress is of paramount importance to understand
the possible damage to corneal tissue induced by
refractive surgery. Given the particular microstruc-
ture of the cornea described in Figure 2, the most
significant stress components are the horizontal
(nasal-temporal) and vertical (superior-inferior)
Cauchy stress components at the center of the cornea
under physiologic IOP. The highest value and lowest
value are close to the anterior surface and posterior
surface, respectively. A comparison of these stress

components between the preoperative configuration
and the postoperative configuration found a mean
increase of approximately 20%, with peaks of 47%
for the deepest ablation (left eye in case 1). In this
case, we compared the distribution of the nasal-tem-
poral components of Cauchy stress on the anterior
surface between the preoperative state, postoperative
state, and reprofiling state. The postoperative
maps were characterized by higher stress in the
central zone of the cornea. The difference in the
stress maps was also seen between the postoperative
state and the reprofiling state. Again, such differ-
ences might have been related to the different equa-
tions of the ablation profiles actually used in the
surgical procedure with respect to the ones used in
our code.

Table 7. Anterior and posterior corneal surface stresses (kPa) in the postoperative condition.
Corneal Surface Stress
Nasal-Temporal Superior-Inferior von Mises

Eye/Case Anterior Posterior Anterior Posterior Anterior Posterior
1/L 20.3 12.7 20.1 12.7 29.0 19.9
1/R 223 10.5 223 10.5 33.1 19.8
2/L 15.7 15.0 15.6 14.9 22.0 21.2
2/R 15.2 16.8 15.2 16.8 21.7 24.0
3/L 221 10.9 21.9 10.8 322 19.7
3/R 19.9 8.7 19.8 8.6 29.3 17.8
4/L 22.6 141 224 141 323 21.8
4/R 20.7 123 20.5 12.2 29.6 19.5
B/1L, 183 10.2 18.1 10.1 26.2 171
5/R 20.0 11.8 19.8 11.7 28.6 19.0
Mean + SD 19.7 £ 2.5 123 + 2.3 19.6 £ 2.3 122 + 2.3 284 + 3.8 200 £ 1.9
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Figure 5. Numerically evaluated average Cauchy stress compo-
nents and SDs at the center of the anterior surface and posterior
surfaces of the cornea. Horizontal axis labels refer to the (1)
nasal-temporal stress component on the anterior surface, (2)
nasal-temporal stress component on the posterior surface, (3) supe-
rior-inferior stress component on the anterior surface, and (4) supe-
rior-inferior stress component on the posterior surface. White
circles and black circles denote preoperative stress and postopera-
tive stress, respectively.

The orientation of the collagen fibrils in the
cornea varies with the depth.” In the posterior
cornea, lamellae follow the cornea curvature, while
near the anterior surface, a portion of the lamella fi-
brils is inclined up to +3.5 degrees with respect to
the anterior surface.*’ In the central part, the fibrils
are preferentially oriented in the superior-inferior
and nasal-temporal directions, and near the limbus
they run circumferentially. There is no clear
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evidence of the presence of sets of fibrils subparallel
to the cornea surfaces and orthogonal to the limbus.
Our microstructural model of the cornea can be
improved; for example, by using an alternative ma-
terial model that respects the microstructure of the
posterior cornea and describes the distribution of
the fibrils tangential to the corneal surface, by
considering a depth-dependent distribution of the
orientation of the fibrils, and by developing a new
description of the limbus microstructure in which
the circumferential and radial fibrils are differenti-
ated to match the experimental observations.

Other improvements are related to the post-
processing of the numerical results. A stronger dem-
onstration of the comparison between the built-in
reprofiling procedure and the postoperative configu-
ration can be inferred by evaluating the values of the
sphere and cylinder of the model as function of the
IOP in the physiologic range. Although this feature
is not yet available, we plan to implement it in the
code in the near future.

In conclusion, stress analysis of the human cornea
can be a valuable aid in determining the possible con-
centration of stress caused by refractive surgery. Popu-
lation studies of ocular biomechanics modeling give a
better idea about the predictability of the model and
approach. The inverse-analysis approach is a good
way of estimating material properties within an accept-
able limit of error. As mentioned, to implement patient-
specific models as a surgical prediction tool, the present
approach must be supported by in vivo mechanical
tests from in which the material properties of the
corneal tissue can be evaluated. If such properties
become available, the built-in reprofiling procedure
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Figure 6. Numerical results for the left eye in case 1, the highest correction considered. Contour levels of the nasal-temporal component of
the Cauchy stress in MPa on the anterior surface of the cornea. A: Preoperative stress distribution. B: Postoperative stress distribution
evaluated from the scanning-slit corneal topographer maps. C: Postoperative stress distribution prediction of the reprofiling procedure.



will be able to predict postoperative stress distribution
and to identify situations in which PRK can lead to per-
manent damage of the corneal tissue.

WHAT WAS KNOWN

e Finite-element simulations of refractive corneal surgery
based on reliable geometric and material models of the
cornea provide estimates of the biomechanical behavior
of the stroma undergoing laser ablation reprofiling.

WHAT THIS PAPER ADDS

e Using preoperative and postoperative geometry of 10 cor-
neas having PRK, a calibration procedure was able to
identify the patient-specific material properties of the
cornea.

o Use of a patient-specific numerical model of corneal PRK
provided a quantitative estimate of the biomechanical
behavior of the cornea, including the refractive outcomes
and the variation in stress within the cornea.

e Accurate multiparameters material models of the cornea
are available; however, the calibration of their parameters
requires the comparison of 2 or more configurations cor-
responding to different loadings or to different geometries
(eg, thickness).

APPENDIX A

The first and second invariant of the isochoric Cauchy-Green defor-
mation tensor are defined as

L=uC L =[(tC)* ~r(C)]

The two pseudo-invariants TZM(M = 1,2) are defined as
. —_
I4M = HM . C
The structure tensor Hy, is defined as
HM = KMI + (1—3KM)aM ®aM

where I is the identity tensor. The scalar parameter ky;
depends on the chosen spatial distribution of the fibrils
orientation by (p, 8, z). The 2 terms

Ky = low + 22 (T —1)°
and
GZ‘M =EI <AM®AM> :E* (HM ZE)Z

are introduced to include in the material model the
variance of the fibril orientation distribution.

APPENDIX B

The initially assigned coordinates x of the numerical model are the
sum of the unknown stress free coordinates X° and the nodal
displacement u due to application of the IOP; that is

x =X’ +u
The procedure begins by assuming
X0 =x

Then the code performs an iterative sequence of static analyses
consisting in applying a progressively increasing pressure on the
posterior side of the shell up to the physiological IOP. At the end of
the k-th iteration, the computed nodal displacements u* are used
for a new estimate X* of the stress-free coordinates as

Xf=x—u

The procedure is interrupted when the norm of the difference be-
tween the coordinates of 2 iterations becomes smaller than a pre-
scribed tolerance ¢ = 107

Xk _ kalléglxkfl}

Thus, the code performs a best fit of the stress-free anterior and
posterior geometry with the biconic equations and the stress-free op-
timum, parameters of the cornea are computed.
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