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Abstract

The mechanical response of the cornea subjected to a non-contact air-jet tonometry diag-
nostic test represents an interplay between its geometry, the corneal material behavior and
the loading. The objective is to study this interplay to better understand and interpret the re-
sults obtained with a non-contact tonometry test. A patient-specific finite element model of a
healthy eye, accounting for the load free configuration, was used. The corneal tissue was
modeled as an anisotropic hyperelastic material with two preferential directions. Three dif-
ferent sets of parameters within the human experimental range obtained from inflation tests
were considered. The influence of the IOP was studied by considering four pressure levels
(10-28 mmHg) whereas the influence of corneal thickness was studied by inducing a uni-
form variation (300—600 microns). A Computer Fluid Dynamics (CFD) air-jet simulation de-
termined pressure loading exerted on the anterior corneal surface. The maximum apex
displacement showed a linear variation with IOP for all materials examined. On the contrary,
the maximum apex displacement followed a cubic relation with corneal thickness. In addi-
tion, a significant sensitivity of the apical displacement to the corneal stiffness was also ob-
tained. Explanation to this behavior was found in the fact that the cornea experiences
bending when subjected to an air-puff loading, causing the anterior surface to work in com-
pression whereas the posterior surface works in tension. Hence, collagen fibers located at
the anterior surface do not contribute to load bearing. Non-contact tonometry devices give
useful information that could be misleading since the corneal deformation is the result of the
interaction between the mechanical properties, IOP, and geometry. Therefore, a non-
contact tonometry test is not sufficient to evaluate their individual contribution and a com-
plete in-vivo characterization would require more than one test to independently determine
the membrane and bending corneal behavior.
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Introduction

The shape of the cornea is the consequence of the equilibrium between its mechanical structure
and the forces acting upon it. The mechanical behavior of the cornea depends on its geometry
(thickness, curvature and topography) and material properties, which in-turn relies on the mi-
crostructure of the stroma. The combination of high-speed photography (Scheimpflug imaging)
of corneal images and dynamic bidirectional applanation technologies has been recently pro-
posed as a new potentially useful method for evaluating the mechanical behavior of the cornea
[1,2]. These devices, known as non-contact tonometers, record the corneal motion while an air
pulse forces the deformation, and report the deformation amplitude of the cornea, the applana-
tion length and the corneal velocity over time [1,3]. Likewise, intraocular pressure (IOP) and
corneal apical pachymetry data, e.g. corneal central thickness (CCT), are also provided [3].

To date, a limited number of studies evaluating the clinical application of this device have
been performed [1,3-8]. Huseynova et al [4] found a low but moderate correlation of IOP with
deformation amplitude of the cornea (Pearson’s correlation coefficient p = -0.360, p<0.0001),
applanation time (p = -0.540, p<0.0001) and applanation velocity (p = -0.118, p<0.0001). Un-
fortunately, they did not report any correlation of corneal central thickness (CCT) with the de-
formation amplitude of the cornea. In a recent review, Roberts [9] states that IOP is the
strongest predictor of corneal deformation amplitude, followed by corneal stiffness, and CCT
being the less influential along with the curvature. Valbon et al [8] reported a weak correlation
between the highest concavity-time (the time at which the highest concavity of the cornea is
reached) and age for healthy eyes. In addition to the work performed on healthy eyes, Faria-
Correia and co-authors [7] have found that ocular hypertension in pressure-induced stromal
keratopathy is associated with lower deformation response. However, there is no scientific evi-
dence showing the relationship between the analysis of the response to the air-puff and the pa-
rameters characterizing the mechanical properties of corneal tissue.

Patient specific geometrical models are useful for performing a diagnosis test. This gives
doctors the opportunity of improving their diagnosis by relying on real patient data, rather
than in a generalized statistical atlas. Late eyeball models already use patient-specific models
based in Zernike interpolation and point cloud data reconstruction obtained from a topogra-
pher in order to represent a specific cornea for each patient [10,11,12]. In this work, an auto-
matic methodology that generates a patient-specific corneal model is used [13].

Besides, the in-vivo human cornea is a porous tissue with high water content (approximately
80% of the corneal weight is due to water). Among the five layers that constitute the cornea,
the stroma forms about 90% of the thickness and is composed of long collagen fibers embedded
in a ground substance mainly formed of proteoglycans and water. Collagen fibers lie parallel to
the corneal surface and are orthogonally disposed along the superior-inferior and nasal-
temporal directions whereas they are predominantly circumferential near the limbus. This
microstructure and the different distributions of collagen fibers give the corneal tissue an an-
isotropic mechanical behavior. Therefore, the constitutive material behavior of the cornea was
considered as anisotropic hyperelastic accounting for the two families of collagen fibers present
in the eye [14,15,16].

A finite element (FE) analysis of a non-contact tonometer is performed. This simulation
was not intended to reflect any commercial device, but only to replicate a typical evaluation
test. In this regard, the characteristic of the test, i.e., peak pressure of the air-puff, and the loca-
tion and duration of the air pulse, were set in order to emulate a general non-contact tonome-
ter, since the aim of the study is to better understand the relation that the corneal material
behavior, IOP, and pachymetry have with the deformation that the cornea experiences when
subjected to this type of diagnosis test [9,18].
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Table 1. Right healthy eye data provided by the Pentacam.

IOP 12 mmHg
Apex Pachymetry 585 microns
Min Pachymetry 583 microns
Corneal Volume 63.5 mm?®
Anterior Surface Posterior Surface
Corneal Astigmatism 0.4D 0.3D
Corneal Asphericity -0.22 -0.12
Average Radius 8.08 mm 6.64 mm

doi:10.1371/journal.pone.0121486.1001

In order to achieve this objective, different sets of experiments were designed. The influence
of the IOP has been studied by considering four pressure levels (10 mmHg, 12 mmHg, 19
mmHg and 28 mmHg) and three different levels of corneal stiffness (low (material A), interme-
diate (material B) and large (material C) stiffness) taking into account the material ranges re-
ported in the literature. In addition, the relation between the CCT and the maximum apical
displacement during an air puff diagnostic test was studied by varying the CCT from 300 mi-
crons to 600 microns along with the corneal tissue stiffness variation (material A, material
B and material C) and three levels of IOP (10 mmHg, 19 mmHg, 28 mmHg).

As final goal, this study seeks to gain a better understanding of the coupling existing be-
tween the aforementioned parameters in order to better interpret the results obtained with a
non-contact tonometry test.

Material and Methods
Corneal Geometry and Patient-Specific Corneal Finite Element Model

The right healthy cornea of a 25-year man was considered in the study (data shown in
Table 1). The individual in this manuscript has given written informed consent (as outlined in
PLOS consent form) to publish these case details. All procedures were carried out under project
license of POPCORN project approved (31* October, 2013) by the Ethics Committee of the
Research of the University of Alicante (Comité de Etica de la Investigacion de la Universidad
de Alicante, CEUA). The corneal topographic map reconstructed using a Pentacam system
(Oculus Optikgerate GmbH, Germany) showed the conventional bow-tie pattern, without sig-
nificant asymmetry. The main parameters were: a central corneal thickness (CCT) of 585 mi-
crons and a Goldmann IOP of 12 mmHg.

A three-dimensional finite element model of the anterior half ocular globe geometry, which
accounts for three different parts: the cornea, the limbus and the sclera, was considered
(Fig. 1a). A methodology for constructing patient specific corneal models has been used [13]
which allows building the patient specific model of the cornea by using the topography of the
anterior surface of the cornea and the pachymetry data [10,11,12]. Real data was kept at those
points where topographical data was available (see the pachymetry map in Fig. 1c), whereas a
quadric surface was used to complete the cornea up to a mean diameter of 12 mm [13,14] (see
the grey area in Fig. 1¢). In order to further demonstrate the patient-specific characteristics of
the model, the difference between the patient’s and numerical pachymetry used in the FE
model is shown in Fig. 1d. As it can be observed, the patient-specific is fully achieved in those
points where data were known (see blue area belonging to 0% error difference), obtaining only
a maximum error difference of a 7.5% at the joint between the quadric surface (see green area
in Fig. 1d) and the real surface. This error is related to the smoothing algorithm used to joint
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Fig 1. Three-dimensional eyeball model, collagen fiber distribution, pachymetry and patient-specific validation. a) Finite element model of the eye.
Light blue mesh corresponds to the patient-specific cornea obtained by means of the Pentacam system; the limbus is shown as dark blue area, whereas
sclera is white; b) Corneal Collagen Fiber Distribution (nasal-temporal fibers in green and superior-inferior fibers in red) and Limbo Fiber orientation (blue
fibers distributed circumferentially); ¢) Actual patient's pachymetry given by the Pentacam topographer (grey area shows the average corneal size
considered for the 3D FE model); d) Error difference (%) between the actual patient’s pachymetry and the pachymetry of the numerical model. Blue values
represent a truly patient-specific corneal thickness (green area belongs to the quadric surface necessary to extend corneal data to the average desired
diameter).

doi:10.1371/journal.pone.0121486.g001

both surfaces in order to avoid numerical problems due to surface discontinuity [13]. In addi-
tion, a 25 mm, in average, diameter sphere was considered for the sclera, whereas the limbus is
a ring linking both, sclera and cornea. Axial displacements and rotations were restrained at the
bottom surface of the sclera [19,20].

A mesh composed of 13,425 quadratic full integration mixed formulation solid elements
and 62,276 nodes was used to perform the simulations. To test the quality of the mesh used for
the calculations, a sensitivity analysis was performed. Table 2 shows the change in the apical
displacement (AU) and maximum principal stress (APS) in the cornea for different mesh densi-
ties. The results show that for a mesh size above approximately 60000 nodes, the changes in the
apical displacement are less than a 0.05%, whereas for the maximum principal stress is less
than 2.0%, demonstrating the adequacy of the used mesh.
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Table 2. Mesh sensitivity analysis.

Number of Relative Change in apical Relative Change in maximum principal
Nodes displacement (%) stress (%)

27800 = —

50304 0.4 100

62276 0.05 20

139920 0.05 1.5

doi:10.1371/journal.pone.0121486.t002

Constitutive model for eyeball’s tissue

The cornea was considered as an anisotropic [1,21] hyperelastic material with two preferred
material directions [15,22] (see in Fig. 1b) modeled using a Gasser-Holzapfel-Ogden’s
(G-H-O) constitutive equation (1) [16].

N

U=ull =34 (om0 ) 450> el -0

(E,="k(I) = 3) 4+ (1 = 31) (L) — 1)

where I, is the first modified strain invariants of the symmetric modified right Cauchy-Green
tensor, J is the elastic volume ratio, and the pseudo-invariant I J(aa) 18 the square of the stretch
along the fiber directions, with N the number of families of collagen fibers. The parameter
k €[0,1/3] describes the level of dispersion along fiber directions. A value of k = 0 implies that
fibers are perfectly aligned (no dispersion), whereas k = 1/3 indicates that fibers are randomly
distributed and the material behaves isotropically. Equation (1) assumes that all families of fi-
bers have the same mechanical properties as well as the same dispersion. Another basic as-
sumption of the model is that collagen fibers can only support tension, since they would buckle
under compressive loading. Thus, the anisotropic contribution to the strain energy function
appears only when the strain,E,, is positive, i.e.,E,>0.

Three sets of material parameters associated with: low (material A), intermediate (material
B) and large (material C) stiffness, were considered in our simulations (Table 3). These sets of
parameters span the experimental IOP (mmHg)—Apical Rise (mm) curves response obtained
from inflation tests on human corneas [23, 24,25] (see in Fig. 2).

The viscoelastic behavior of the tissue was neglected since a very fast applied load, as the
case of the air-puff, will result in an almost pure elastic response during the loading [26], and
corneal hysteresis is observed only during the unloading phase of the air-puft load only

Table 3. Material parameters for cornea, limbus, and sclera.

Material Type

A H-G-O

B H-G-O

Cc H-G-O
Type D
Yeoh 0.0

doi:10.1371/journal.pone.0121486.t003

Cornea and Limbus

C10 (MPa) D(MPa™) k1 (MPa) K2 () k()
0.05 0.0 25.0 2490 0.33329
0.05 0.0 60 2490 0.33329
0.05 0.0 130.9 2490 0.33329
clera
C10 (MPa) C20 (MPa) C30 (MPa)
0.81 56.05 2332.26
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Fig 2. Human corneal response of the constitutive model. a) IOP (mmHg) vs. Apical Rise (mm). Human range (grey shadow) obtained from inflation test
in human corneas [23,24]. Colored lines correspond to inflation response for the three material selected for the numerical simulation: low(material A)—red,
intermediate(material B)—Dblue, large(material C)—green); b) Uniaxial stress-stretch behavior for the three studied materials.

doi:10.1371/journal.pone.0121486.9002

affecting the recovery response of the cornea (which is not the objective of this study). Limbus’
material parameters have been assumed identical as for the cornea.

The sclera was considered as an isotropic hyperelastic material (Table 3) and was modeled
using the Yeoh’s constitutive model (Equation 2) [27, 28].

U= G0 -3+ > (U - 1)) )

Non-contact tonometer simulation

Since the patient’s eye is subjected to the IOP when the topographical data is acquired, the prior
step to simulating the non-contact tonometry test is the identification of the initial stress-free
configuration of the eye. An iterative zero pressure algorithm was applied in order to obtain the
initial free-stress configuration of the eye [13,17,29] in each simulation. The algorithm applies

an IOP to an initial free-stress geometry (X¥ ) for obtaining the first deformed configuration

init
(x4s)- Once the pressurization ends, the difference error between the deformed configuration
and the topographer’s geometry (X)) is computed (EF = . — Xyy)- If the infinite norm of the
error (¢¢ = |E¥| = max(E})) is higher than a given tolerance (¢), a new initial configuration is
computed (XK1 = X* — EF). Otherwise, the initial configuration obtained is such that when it
is pressurized to IOP, it achieves the measured configuration. For the simulation of the non-
contact tonometry test, the air-puff was assumed as a metered collimated air pulse with a peak
pressure of 25 kPa (~180 mmHg) and 30 ms duration, with a profile given in Fig. 3a (personal
communication with Oculus). The air-puff spatial pressure (see Fig. 3b) was obtained from a
CFD simulation performed with the commercial software ANSYS (see Fig. 3c-d) in order to
load the corneal as close to reality as possible. As shown in Fig. 3c-d, the desired peak pressure
applied to the cornea lies on an approximated circular area of 3 mm in diameter.

A total of 41 numerical experiments were performed to study the influence of: i) IOP, ii) corneal
thickness, and iii) material behavior (stiffness), on the maximum corneal displacement. Numerical
simulations have been performed on the finite element software ABAQUS (Dassault Systemes),
using a conventional personal computer (8-cores i7-4770 3.4 GHz, 8 GB RAM) requiring a compu-
tation time of approximately 45 minutes to perform a full simulation. Visualizations of the results
carried out with the software ParaView (Kitware Inc. and Los Alamos National Laboratory) [30].
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Fig 3. Non-contact tonometer air-puff loading and CFD results. a) Temporal pressure profile applied on the center of the cornea (corneal apex region).
Solid black line represents the temporal profile used in the simulations. Dashed black line was no considered since only the maximum displacement of the
corneal apex was studied; b) Spatial profile of pressure applied on cornea obtained with the CFD simulation shown in c) and d); c) Symmetrical pressure
profile obtained from the CFD simulation; d) Symmetrical velocity streamline plot result from the CFD simulation.

doi:10.1371/journal.pone.0121486.9003

Results

Fig. 4 shows the deformation amplitude of the corneal apex for different IOP and different cor-
neal material response. The corneal deformation following the air pulse varies linearly with
IOP, with larger displacements corresponding to lower IOP.

Fig. 5 shows that different combinations of material parameters (within the reported human
range [23,24]) and IOP could produce the same apical displacement (see the overlapping

area in Fig. 5).

This fact is better demonstrated in Fig. 6 showing the temporal evolution of the displace-
ment of the apex for three values of IOP (10 mmHg, 19 mmHg and 28 mmHg) and the three

PLOS ONE | DOI:10.1371/journal.pone.0121486 March 17,2015
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Fig 4. Displacement—Pressure response of the corneal apex. Vertical displacement of the corneal apex (mm) as a function of IOP (10, 12, 19 and 28
mmHg) for the three material models: low (material A), intermediate (material B), large (material C) stiffness.

doi:10.1371/journal.pone.0121486.9004
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Fig 5. Displacement—Pressure: response overlapping. Overlapping zone in the corneal response (grey zone) where different combinations of IOP and
material lead to the same displacement.

doi:10.1371/journal.pone.0121486.9005
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Fig 6. Displacement—Time response of the corneal apex. Time course of the apex displacement for the conducted simulations. Displacement’s region
10-28 mmHg (mat. A) (red colored area) are the results for low stiffness material (A) for all three different IOP (10, 19 and 28 mmHg); Displacement’s region
10-28 mmHg (mat. B) (blue colored area) are the results for intermediate stiffness material (B) for all three different IOP (10, 19 and 28 mmHg);
Displacement’s region 10-28 mmHg (mat. C) (green colored area) are the results for large stiffness material (C) for all three different IOP (10, 19 and 28

mmHg). Different overlapping zones, at different loading time, can be observed in figure. Inverted triangles correspond to simulations performed with the real
IOP (12 mmHg) and the three different corneal material models.

doi:10.1371/journal.pone.0121486.9006

analyzed corneal mechanical properties (only half of the time history is shown). This figure
also shows the maximum apical corneal displacement corresponding to the patient’s IOP = 12
mmHg, depicted as inverted triangles, for all three materials. An overlapping zone can be ob-
served for two of the chosen materials: the softest material coupled with the highest IOP, and
the intermediate stiffness material with the lowest IOP (see overlapping zone in Figs. 5 and 6).
On the contrary, there is a gap zone between the most rigid material and the intermediate stiff-
ness material (see Figs. 5 and 6). Hence, different combinations of IOP and material stiffness
may lead to the same maximum displacement of the corneal apex indicating the existence of a
coupling between the effect of corneal material behavior and the IOP.

Fig. 7 shows the effect of corneal thickness on the maximum apical displacement. In general,
as the thickness decreases below 500 microns, the maximal corneal displacement increases rap-
idly, reaching values up to three times larger for corneal thickness below 400 microns. A closer
analysis of the results show a cubic relationship (right panel on Fig. 7) between the maximum
apex displacement and the corneal. This cubic relationship was found independently of either
the material stiffness or the IOP. For a given material stiffness, the influence of corneal thinning
is more prominent as the IOP decreases (green lines in Fig. 7). On the contrary, this effect
seems to be less acute when the corneal stiffness decreases while IOP remains constant (solid
lines in Fig. 7). This figure also shows the interplay between the corneal geometry, the corneal
mechanical properties, and the IOP by which different combinations of these variables could
lead to the same maximum apical displacement.

Fig. 8 shows the deformed shape of the cornea’s central section at the instant of first appla-
nation (Fig. 8a) and of highest concavity (Fig. 8b). In addition, the logarithmic hoop strain and
the hoop Cauchy stress at highest concavity time are depicted in Fig. 8 c-d (plotted on the non

PLOS ONE | DOI:10.1371/journal.pone.0121486 March 17,2015 9/15
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Fig 7. Displacement of the corneal apex (mm) as a function of the corneal thickness (CCT). Patient’s pachymetry was constantly decreased for the
simulations. Results show a cubic relation between displacement and pachymetry (CCT) when the material was fixed (large stifnees material—C) and three
levels of IOP were considered: 10 mmHg (dotted-dashed green line), 19 mHg (solid green line), and 28 mmHg (doted green line). Results also show a cubic
relation between displacement and pachymetry (CCT) when the IOP was kept at 19 mmHg and the three corneal stiffnesses were considered: low (material
A) solid red line, intermediate (material B) solid blue line, and large (material C) solid green line. The right panel shows the accuracy of the fit (minimum mean
squares) and the constants of the cubic polynomial.

doi:10.1371/journal.pone.0121486.9007

deformed configuration for a more clear representation). The figure shows that during the air-
puff the cornea experiences bending and, therefore, the anterior surface works in compression
(see blue zone in Fig. 8 c-d) whereas the posterior surface works under tension (see red zone in
Fig. 8 c-d). This means that the collagen fibers in the anterior surface do not contribute to load
bearing after the first applanation, since they only work under traction (as in the case of a
rope). Hence, at those points the material response depends only on the compressive behavior
of the stroma.

Results from Fig. 8 are demonstrated further in Fig. 9, where the stress-stretch path followed
by a point located at the apex (inverted triangle) and its mirror image on the posterior surface
(square) during air-puff are depicted. At the beginning of the test (empty circle on the stress-
stretch curve) both points are subjected to traction (6>>0, 1>1) due to the effect of the IOP.
However, during the air-pulse, the state of stress in the anterior surface changes from a traction
state to a compression state (see the trajectory of the inverted triangle in Fig. 9), whereas the
posterior surface remains in traction (open red square).

Discussion

Modern clinical methods for evaluating the biomechanics of the cornea are based on studying
the deformation of the cornea when subjected to the action of a metered collimated air pulse
with symmetrical configuration applied at the apex of the cornea [1,2]. This in-silico study con-
ducted on a patient-specific patient eye geometry seeks to gain a better understanding of the in-
terplay between the structural characteristics of the cornea, its material behavior, and loading
on the mechanical response of the cornea when subjected to an air-puff.

For corneal stiffness within the observed physiological range, the maximal corneal displace-
ment was found to follow a linear relation with IOP. In addition, the range of the maximum
apical displacement from the numerical simulation was in good agreement with the maximum
apical displacement reported in a study with 89 healthy eyes, i.e., 0.78-1.26 mm, using the Cor-
Vis ST system. In the study by Valbon et al [8] the IOP and CCT ranged between 7 and 32
mmHg and between 463 and 605 microns respectively. Huseynova et al [4] studied the influ-
ence of IOP and CCT on the different markers provided by the CorVis ST system. These au-
thors found that the deformation amplitude of the cornea varied between 0.9 and 1.3 mm in
the subgroup of the analyzed sample (III group) having a corneal-compensated intraocular
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pressure (IOPcc) between 18 and 21 mmHg and a CCT between 555 and 600 microns. These
experimental results on healthy eyes are also within the results reported in our study, confirm-
ing the soundness of our model for simulating the corneal response under the action of

an air-puff.

According to our simulations, the maximum displacement of the apex due to the air pulse
varies linearly with IOP for all corneal stiffness considered, with the largest displacement corre-
sponding to the lowest IOP value. This result was consistent with previous results [4], where a
moderate negative correlation between IOPcc and maximum corneal deformation was also
found (r = -0.362, p<0.0001). A similar conclusion was stated in the experimental study con-
ducted by Kling and Marcos [31]. Hence, the results of the simulations suggest that the me-
chanical corneal response to an air pulse pressure varies linearly with IOP.

Figs. 5 and 6 illustrates that the right combination of corneal stiffness and IOP may result in
the same maximal corneal deformation. Depending on the stiffness of the corneal tissue (char-
acterized by a different set of material model parameters) and the IOP of the examined eye, an
overlapping zone could exist. Therefore, it is not possible to distinguish between individual ef-
fects (IOP and material stiffness) without knowing the characteristic of one of them a-priori,
e.g. Cornea’s stiffness.

As shown in Fig. 7, the apex displacement during a non-contact tonometry showed a cubic
relationship with corneal thickness. For a corneal thickness within the physiological range
(500-600 microns), the maximal corneal displacement ranged withing the reported clinical
range (0.7-1.3 mm). However, as the thickness decreases below 500 microns, the maximal
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corneal displacement increases rapidly. These corneal response at low CCT values could corre-
spond to an extreme LASIK intervention or an advanced ectasia (e.g. Keratoconus disease) in
which the local corneal thinning could lead to a larger apical displacement as compared to
healthy patients presenting a regular and smooth pachymetry.

It should also be pointed out that, when the cornea is under the action of the IOP, the state
of stress of the cornea corresponds to a pure traction membrane state, which means that the
full cornea works in tension when it is subjected to its physiological IOP (i.e. no bending effects
exists and it behaves as expected according to the shells and laminates theory), as shown in
Fig. 9. However, during air puff, the cornea experiences bending and, therefore, the anterior
surface goes from a traction state of stress to a compression state of stress whereas the posterior
surface works in tension (see Fig. 9). This implies that collagen fibers in the anterior surface do
not contribute to load bearing during the total duration of the air-puff, relying in this cases on
the mechanical properties of the matrix. This non-physiological situation implies that the bio-
mechanical characterization using an air pulse pressure loading accounts for the contribution
of the collagen fibers only partially (only the posterior part of the cornea), contrary to the case
of an inflation test where the cornea works under tension all the time. Therefore, the mechani-
cal response characterized by non-contact tonometry represents a combination of the mechan-
ical behavior of the cornea under traction (associate with the collagen fiber network) and, but
not less important, the mechanical behavior under compression of the stroma. This is impor-
tant since the state of the art mechanical testing of the cornea accounts for the mechanical re-
sponse under tension only [23,24,27,32].

In addition to the corneal stiffness and IOP, the clinical study by Huseynova et al [4] re-
ported the CCT as another parameter with significant influence on the corneal response
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analyzed by non-contact tonometry using the CorVis ST system. In particular, these authors
found significant differences in the first applanation time and radius of curvature at highest
concavity between central corneal thickness subgroups for each IOPcc group that was studied
(p<0.0001). Numerical results from our study also suggest this. Our results show a cubic rela-
tionship between the maximum apical displacement and the corneal thickness. This cubic de-
pendence obeys to the bending deformation induced in the cornea during the action of the
air-pulse, as expected in a thin shell subjected to bending. This cubic dependency helps to ex-
plain the increment in corneal displacement on patients that have undergone LASIK surgery
and whose cornea has suffered a significant reduction of thickness and curvature. A similar sit-
uation is found in patients with narrow diseased corneas affected by ectasia.

Hence, the corneal response to an air puff is influenced by the mechanical properties of the
cornea, the IOP, and topology (i.e., CCT and curvature). Therefore, analysis based on the eval-
uation of corneal response to an air pulse pressure, provides a response of the combined contri-
bution of these effects, without being able to uncouple the precise contribution of each factor.
By this, the corneal mechanical properties cannot be assumed to be directly related to the pa-
rameters defining the corneal response to the air pulse. This fact has been also demonstrated
by Glass et al [33] who have developed and validated a viscoelastic model to illustrate how
changing viscosity and elasticity may affect corneal hysteresis (CH), concluding that low CH
could be associated with either high elasticity or low elasticity, depending on the viscosity.

A final comment is devoted to the limitation of this study. Corneal material has been as-
sumed as hyperelastic, neglecting the intrinsic viscoelastic behavior of the tissue. However,
since we were only interested in the maximum apex displacement, attained during the pressure
rising phase of the air puff, and taking into account that a very fast load will result on an almost
pure elastic response [26], it can be assumed that neglecting a corneal viscoelastic behavior
would not significantly affect the results of study. Viscoelasticity may, however, have significant
importance on the relaxation phase of the cornea after the air-puff stops. In addition, the study
shows only results on one patient, and therefore, statistics regarding the influence of the patient
specific eye geometry and IOP has not been computed yet. We are currently applying the pre-
sented in-silico methodology to a larger set of healthy and pathological patients in order to de-
termine the impact of patient-to-patient geometric variability and IOP on maximum corneal
displacements and other proposed mechanical biomarkers.

In conclusion, the proposed in-silico methodology allows computing a sensitivity analysis of
the mechanical properties of the corneal tissue, the IOP and the geometry of the cornea on the
corneal deformation of patient specific geometric eye models. This type of analysis is not possi-
ble with standard non-contact tonometry devices since it has been demonstrated that they
measure the combined contribution of all these factors on the corneal response. Thus, a cornea
with high stiffness and low IOP may show the same deformation response as a cornea with low
stiffness and high IOP. In addition, systems based on non-contact tonometry for characterizing
the corneal biomechanics evaluates the mechanical response of the cornea under bending,
whereas the corneal response to variations of the IOP depends on a pure membrane behavior
of the cornea, a condition that is only achieved in biaxial or inflation loading. These results
indicate that a complete in-vivo corneal mechanical characterization would require more
than one test in order to determine the membrane and bending behavior of the cornea
independently.

Acknowledgments

A special thanks to Mr. Harald Schick (Master of Commerce and Export Director of Oculus)
and Mr. Sven Reisdorf (PhD Biochemist and Product Manager of Oculus) for their courtesy

PLOS ONE | DOI:10.1371/journal.pone.0121486 March 17,2015 13/15



@ PLOS | one

Simulation Study of Corneal Response in Non-Contact Tonometry

and for providing us of technical air-jet data that made possible to obtain more accurate results
in the conducted simulations. Additionally, a special thanks to Dr. Mauro Malve (PhD, Univer-
sity of Navarra) for his full collaboration in the CFD model development.

Author Contributions

Conceived and designed the experiments: MAAG JZ DP JERM BC. Performed the experi-
ments: MAAG JZ DP JFRM BC. Analyzed the data: MAAG JZ DP JFRM BC. Contributed
reagents/materials/analysis tools: MAAG JZ DP JFRM BC. Wrote the paper: MAAG JZ DP
JFRM BC.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

Hon'Y, Lam AK. Corneal deformation measurement using Scheimpflug noncontact tonometry. Optom
Vis Sci 2013; 90: e1-8. doi: 10.1097/OPX.0b013e318279eb87 PMID: 23238261

Pérez-Merino P, Kling S, Marcos S. Dynamic OCT measurement of corneal deformation by an air pulse
in normal and cross-linked corneas. Biomed Opt Express 2012; 3: 473-87. doi: 10.1364/BOE.3.
000473 PMID: 22435096

Hong J, Xu J, Wei A, Deng SX, Cui X, Yu X et al. A new tonometer—the CorVis ST tonometer: clinical
comparison with noncontact and Goldmann applanation tonometers. Invest Ophthalmol Vis Sci 2013;
54: 659-65. doi: 10.1167/iovs.12-10984 PMID: 23307970

Huseynova T, Waring GO, Roberts C, Krueger RR, Tomita M. Corneal biomechanics as a function of in-
traocular pressure and pachymetry by Dynamic Infrared Signal and Scheimpflug Imaging Analysis in
normal eyes. Am J Ophthalmol 2014; 157(4): 885-93. doi: 10.1016/j.aj0.2013.12.024 PMID: 24388837

Nemeth G, Hassan Z, Csutak A, Szalai E, Berta A, Modis L Jr. Repeatability of ocular biomechanical
data measurements with a Scheimpflug-based noncontact device on normal corneas. J Refract Surg
2013: 29: 558-68. doi: 10.3928/1081597X-20130719-06 PMID: 23909783

Reznicek L, Muth D, Kampik A, Neubauer AS, Hirneiss C. Evaluation of a novel Scheimpflug-based
non-contact tonometer in healthy subjects and patients with ocular hypertension and glaucoma.
BrJ Ophthalmol 2013; 97: 1410—4. doi: 10.1136/bjophthalmol-2013-303400 PMID: 23969314

Ramos |, Valbon B, Luz A, Roberts CJ, Ambrdsio R Jr. Scheimpflug-based tomography and bio-
mechanical assessment in pressure-induced stromal keratopathy. J Refract Surg 2013; 29: 356-8.
doi: 10.3928/1081597X-20130129-03 PMID: 23496019

Valbon BF, Ambrésio R Jr, Fontes BM, Alves MR. Effects of age on corneal deformation by non-contact
tonometry integrated with an ultra-high-speed (UHS) Scheimpflug camera. Arq Bras Oftalmol 2013;
76:229-32. PMID: 24061834

Roberts CJ. Concepts and misconceptions in corneal biomechanics. J Cataract Refract Surg 2014; 40:
862—-869. doi: 10.1016/j.jcrs.2014.04.019 PMID: 24857435

Roy AS, Dupss WJ. Patient-specific modeling of corneal refractive surgery outcomes and inverse esti-
mation of elastic property changes. J Biomech Eng 2011; 133(1):011002—01100210 doi: 10.1115/1.
4002934 PMID: 21186892

Studer HP, Riedwyl H, Amstutz CA, Hanson JVM, Buichler P. Patient-specific finite-element simulation
of the human cornea: a clinical validation study on cataract surgery. J. Biomech 2013; 46: 751-758.
doi: 10.1016/j.jbiomech.2012.11.018 PMID: 23246043

Asher R, Gefen A, Moisseiev E, Varssano D. An Analytical Approach to Corneal Mechanics for Deter-
mining Practical, Clinically-Meaningful Patient-Specific Tissue Mechanical Properties in the Rehabilita-
tion of Vision. Ann Biomed Eng 2014;

Ariza-Gracia, MA. A numerical simulation of Non-Contact Ocular Tonometry Based on Patient Specific
Model. M.Sc. Thesis, University of Zaragoza, 2014. Available: http://zaguan.unizar.es, TAZ-TFM-
2014-418.

Asher R, Gefen A, Moisseiev E, Varssano D. Etiology of Keratoconus: proposed biomechanical patho-
genesis. In Silico Cell and Tissue Science 2014; 1:3.

Pandolfi A, Maganiello F. A model for the human cornea: constitutive formulation and numerical analy-
sis. Biomech Model Mechanobiol 2006; 5: 237-46. PMID: 16444515

Gasser TC, Ogden RW, Holzapfel GA. Hyperelastic modelling of arterial layers with distributed collagen
fibre orientations. J R Soc Interface 2006; 3: 15-35. PMID: 16849214

Lanchares E, Calvo B, Cristébal JA, Doblaré M. Finite Element simulation of arcuates for astigmatism
correction. J Biomech 2008; 41: 797-805. doi: 10.1016/j.jbiomech.2007.11.010 PMID: 18177656

PLOS ONE | DOI:10.1371/journal.pone.0121486 March 17,2015 14/15


http://dx.doi.org/10.1097/OPX.0b013e318279eb87
http://www.ncbi.nlm.nih.gov/pubmed/23238261
http://dx.doi.org/10.1364/BOE.3.000473
http://dx.doi.org/10.1364/BOE.3.000473
http://www.ncbi.nlm.nih.gov/pubmed/22435096
http://dx.doi.org/10.1167/iovs.12-10984
http://www.ncbi.nlm.nih.gov/pubmed/23307970
http://dx.doi.org/10.1016/j.ajo.2013.12.024
http://www.ncbi.nlm.nih.gov/pubmed/24388837
http://dx.doi.org/10.3928/1081597X-20130719-06
http://www.ncbi.nlm.nih.gov/pubmed/23909783
http://dx.doi.org/10.1136/bjophthalmol-2013-303400
http://www.ncbi.nlm.nih.gov/pubmed/23969314
http://dx.doi.org/10.3928/1081597X-20130129-03
http://www.ncbi.nlm.nih.gov/pubmed/23496019
http://www.ncbi.nlm.nih.gov/pubmed/24061834
http://dx.doi.org/10.1016/j.jcrs.2014.04.019
http://www.ncbi.nlm.nih.gov/pubmed/24857435
http://dx.doi.org/10.1115/1.4002934
http://dx.doi.org/10.1115/1.4002934
http://www.ncbi.nlm.nih.gov/pubmed/21186892
http://dx.doi.org/10.1016/j.jbiomech.2012.11.018
http://www.ncbi.nlm.nih.gov/pubmed/23246043
http://zaguan.unizar.es/
http://www.ncbi.nlm.nih.gov/pubmed/16444515
http://www.ncbi.nlm.nih.gov/pubmed/16849214
http://dx.doi.org/10.1016/j.jbiomech.2007.11.010
http://www.ncbi.nlm.nih.gov/pubmed/18177656

@ PLOS | one

Simulation Study of Corneal Response in Non-Contact Tonometry

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Elsheikh A, Alhasso D, Kotecha A, Garway-Heath D. Assesment of the ocular response analyser as a
tool for intraocular pressure measurement. J Biomech Eng 2009; 131(8): 081010. doi: 10.1115/1.
3148462 PMID: 19604022

Alastrué V, Calvo B, Pefia E, Doblaré M. Biomechanical Modelling of Refractive Corneal surgery. J Bio-
mech Eng 2006; ASME 128:150-60. PMID: 16532629

Pinsky P, Datye V. A microstructurally-based finite element model of the incised human cornea. J Bio-
mech 1991; 10: 907-22. PMID: 1744149

Newton RH, Meek KM. The Integration of the Corneal and Limbal Fibers in the Human Eye. Biophys
J 1998; 75:2508-12. PMID: 9788946

Pinsky P, Heide DVD, Chernyak D. Computational modeling of mechanical anisotropy in the cornea
and sclera. J Cataract Refract Surg 2005; 31: 136—45. PMID: 15721706

Elsheikh A, Alhasso D, Rama P. Biomechanical properties of human and porcine corneas. Exp Eye
Res 2008; 86 783—790 doi: 10.1016/j.exer.2008.02.006 PMID: 18396276

Elsheikh A, Alhasso D, Rama P. Assessment of the epithelium’s contribution to corneal biomechanics.
Exp Eye Res 2008; 86 445-451 doi: 10.1016/j.exer.2007.12.002 PMID: 18221938

Whitford C, Studer H, Boote C, Meek KM, Elsheikh A. Biomechanical model of the human cornea: Con-
sidering shear stiffness and regional variation of collagen anisotropy and density. J Mech Behav
Biomed Mater 2015; 42:76-87. doi: 10.1016/j.jmbbm.2014.11.006 PMID: 25460928

Simo JC. On a fully three-dimensional finite-strain viscoelastic damage model: formulation and compu-
tational aspects. Computer Methods in Applied Mechanics and Engineering 1987; 60:153—173

Eilaghi A, Flanagan G, Tertinegg |, Simmons CA, Brodland GW, Ethier CR. Biaxial mechanical testing
of human sclera. J. Biomech 2010; 43: 1696—1701. doi: 10.1016/j.joiomech.2010.02.031 PMID:
20399430

Yeoh OH. Some forms of the strain energy function for rubber. Rubber Chemistry and technology 1993;
66(5): 754-771.

Elsheikh A, Whitford C, Hamarashid R, Kassem W, Joda A, Biichler P. Stress free configuration of the
human eye. Med Eng Phys 2013; 35(2):211-216. doi: 10.1016/j.medengphy.2012.09.006 PMID:
23041490

Henderson A, Ahrens J, Law C. The ParaView Guide, Kitware Inc. Clifton Park, NY; 2004.

Kling S, Marcos S. Contributing factors to corneal deformation in air pulse measurements. Invest
Ophthalmol Vis Sci 2013; 54: 5078-85. doi: 10.1167/iovs.13-12509 PMID: 23821200

Bryant MR, McDonnell PJ. Constitutive Laws for Biomechanical Modeling of Refractive Surgery. J Bio-
mech Eng 1996; 118(4): 473-81. PMID: 8950650

Glass DH, Roberts CJ, Litsky AS, Weber PA. A viscoelastic biomechanical model of the cornea de-
scribing the effect of viscosity and elasticity on hysteresis. Invest Ophthalmol Vis Sci 2008; 49:
3919-26. doi: 10.1167/iovs.07-1321 PMID: 18539936

PLOS ONE | DOI:10.1371/journal.pone.0121486 March 17,2015 15/15


http://dx.doi.org/10.1115/1.3148462
http://dx.doi.org/10.1115/1.3148462
http://www.ncbi.nlm.nih.gov/pubmed/19604022
http://www.ncbi.nlm.nih.gov/pubmed/16532629
http://www.ncbi.nlm.nih.gov/pubmed/1744149
http://www.ncbi.nlm.nih.gov/pubmed/9788946
http://www.ncbi.nlm.nih.gov/pubmed/15721706
http://dx.doi.org/10.1016/j.exer.2008.02.006
http://www.ncbi.nlm.nih.gov/pubmed/18396276
http://dx.doi.org/10.1016/j.exer.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18221938
http://dx.doi.org/10.1016/j.jmbbm.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25460928
http://dx.doi.org/10.1016/j.jbiomech.2010.02.031
http://www.ncbi.nlm.nih.gov/pubmed/20399430
http://dx.doi.org/10.1016/j.medengphy.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23041490
http://dx.doi.org/10.1167/iovs.13-12509
http://www.ncbi.nlm.nih.gov/pubmed/23821200
http://www.ncbi.nlm.nih.gov/pubmed/8950650
http://dx.doi.org/10.1167/iovs.07-1321
http://www.ncbi.nlm.nih.gov/pubmed/18539936

