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Abstract: Corneal biomechanics is a hot topic in ophthalmology. The biomechanical properties (BMPs)
of the cornea have important implications in the management and diagnosis of corneal diseases
such as ectasia and keratoconus. In addition, the characterization of BMPs is crucial to model the
predictability of a corneal surgery intervention, the outcomes of refractive surgery or the follow-up
of corneal diseases. The biomechanical behavior of the cornea is governed by viscoelastic properties
that allow, among other structural implications, the damping of excess intraocular pressure and
the reduction of damage to the optic nerve. Currently, the most versatile and complete methods to
measure corneal viscoelasticity are based on air-puff corneal applanation. However, these methods
lack the ability to directly measure corneal viscosity. The aim of this work is to propose a new
methodology based on the analysis of corneal air-puff measurements through the standard linear
solid model (SLSM) to provide analytical expressions to separately calculate the elastic and time-
dependent (corneal retardation time and viscosity) properties. The results show the mean values
of elasticity (E), viscosity (I]) and corneal retardation time (1) in a sample of 200 young and healthy
subjects. The influence of elasticity and viscosity on viscoelasticity, high-order corneal aberrations
and optical transparency is investigated. Finally, the SLSM fed back from experimental E and I values
is employed to compare the creep relaxation response between a normal, an ocular hypertension

af;)eé: i!l(tfgsr patient and an Ortho-K user. Corneal biomechanics is strongly affected by intraocular pressure (IOP);
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® The hierarchical architecture of the cornea is responsible for the structure and trans-
parency due to its collagen-based lamellar organization [1,2]. X-ray scattering has revealed

how the molecular collagen fibrils provide the mechanical properties of corneal tissue [3].
In particular, the spring-like and viscous crimp mechanisms are governed by the micro-
This article is an open access article ~and nanoscale collagen structure. The elasticity of the cornea is enabled by the springs that
distributed under the terms and  Straighten the supramolecular torsion of tropocollagen, while the viscosity responds to a
conditions of the Creative Commons  curling mechanism of the fibrils [4]. In this sense, the cornea exhibits a viscoelastic nature
Attribution (CC BY) license (https:// ~ With differentiated elastic and time-dependent (viscous) properties.

creativecommons.org/licenses /by / Biomechanical properties (BMPs) of the cornea can be understood as the dynamic
40/). response of the cornea to applied external forces [5]. BMPs have revolutionized the anterior
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chamber subspeciality in ophthalmology, allowing powerful competition in the progno-
sis and diagnosis of surgery treatments [6] and corneal diseases [7], respectively. The
main methodologies for in vivo assessment of corneal BMPs are based on air-puff tonome-
try [8], elastography [9] and Brillouin microscopy approaches [10]. The most widespread
approaches include the ocular response analyzer (ORA) [11] and corneal Scheimpflug
visualization (Corvis-ST) [12], which consist of corneal applanation tonometry and provide
the estimation of viscoelastic parameters and measurements of intraocular pressure (IOP).

Brillouin scattering allows the longitudinal modulus to be quantified from the analysis
of the Doppler Brillouin frequency shift [13]. This technique has successfully character-
ized biomechanical differences between normal, keratoconic and post-refractive surgery
corneas [14] due to its ability to observe mechanical anisotropy of the cornea [10].

Elastography methods include magnetic resonance imaging, ultrasound elastography
and the emerging optical coherence elastography [9], which provides micrometric scale mea-
surements of corneal stiffness and structural properties. In this sense, our group recently
reported a promising tool based on a sound pressure generator for in vivo observation of
the biomechanical response of the cornea to low-frequency acoustic waves [15].

The methodologies mentioned above are in progress on how to perform a rapid non-
invasive biomechanical assessment of the cornea with sufficient spatial resolution to also
provide reliable structural information. Obtaining accurate measures of biomechanical
parameters is essential for the reliable predictability of mathematical models that reproduce
the behavior of the cornea under normal and pathological conditions.

Under conditions of transient stress, the human cornea behaves as a viscoelastic
material [16]. Various methods have been used to mathematically model the viscoelastic
nature of the human cornea, particularly the Kelvin—Voigt, Maxwell and standard solid
models [17].

Glass et al. proposed a modified Kelvin—Voigt model to evaluate the effect of elastic and
viscosity properties on hysteresis (measure of the viscoelastic damping of the cornea [18])
in a corneal phantom [19]. Su et al. proposed a hyper-viscoelastic approach combining the
Mooney-Rivlin hyperelastic and modified Maxwell models for the specific simulation of
trephine and suture in corneal surgery [20]. Whitford et al. developed the first constitutive
model for corneal viscoelastic representation by combining complex anisotropy, shear
stiffness and fibrillar collagen density [21].

Recently, the standard solid model was proposed for the simulation of thermovis-
coelasticity of the human cornea [22] due to its reasonable predictability for loads applied
to the cornea on a constant or transient basis.

The study of corneal biomechanics through mathematical models achieves greater
robustness if feedback with experimental data (or at least derivable from experimental
measurements) is possible.

The aim of this work is to introduce a new methodology based on the analysis of
air-puff corneal applanation measurements and corneal Scheimpflug imaging with the
three-element standard linear solid model (SLSM) to provide experimental analytical
expressions to calculate separated elastic and time-dependent (i.e., viscous property and
corneal retardation time) of the human cornea in vivo.

2. Materials and Methods
2.1. Participants

Two hundred young healthy volunteers participated in the study (mean age
21.07 £ 3.13 years old). None of them had a diagnosis of glaucoma or hypertensive oc-
ular disease or had undergone refractive surgery. In addition, a patient diagnosed with
ocular hypertension (intraocular pressure 24.8 mmHg) and an Ortho-K contact lens
user were recruited to compare normal response from their variations in biomechanical
properties in tensile creep relaxation tests. The motivation to include a comparison
with these two types of patients was the growing concern regarding glaucoma disease
and to explore the biomechanical complications of orthokeratology.
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This study was reviewed by an ethical review board (Ethical Committee of Research
of the Health Sciences Institute of Aragén, Spain. Reference C.P.-C.1.P120/377) according to
the tenets of the Declaration of Helsinki. All participants were informed about the nature
and risks of the study and signed an informed consent document.

2.2. In Vivo Corneal Assessment: Geometrical, Optical and Biomechanical Corneal Parameters

The Galilei dual Scheimpflug analyzer (Galilei G2; Ziemer Ophthalmic Systems AG,
Port, Switzerland) and the ocular response analyzer device (ORA, Reichert Instruments,
Depew, NY, USA) were used to measure geometrical and optical (optical density and
corneal aberrometry) corneal parameters and provide a biomechanical assessment of the
living human cornea. Table 1 summarizes the description of the parameters as a function
of the employed technology.

Table 1. Geometrical (Reor, CCT), optical (OD, SA, trefoil and coma) and biomechanical parameters
(IOP.. and CH) measured for morphometric, optical and biomechanical corneal assessment.

Parameter [Units] Technology Description
Rcor (mm) Dual Scheimpflug analyzer Mean corneal radii
2-Xcor (mm) Dual Scheimpflug analyzer =~ Corneal applanation diameter
CCT (um) Dual Scheimpflug analyzer Central corneal thickness
OD (n.u) Dual Scheimpflug analyzer Optical density
SA (um) Dual Scheimpflug analyzer Spherical aberration
Trefoil (um) Dual Scheimpflug analyzer Trefoil term
Coma (um) Dual Scheimpflug analyzer Coma term

Corneal-compensated

IOPc (mmHg) ORA intraocular pressure

CH (mmHg) ORA Corneal hysteresis

The measurements were carried out at the visual optics laboratory of the University
of Zaragoza (Spain) by an experienced clinical optometrist. All data were incorporated
into an Excel database without including more personal data than the date of birth and
an identification code. Graphical representations and numerical simulations were carried
out using Origin Lab software 2024b (Origin Lab Corp., Northampton, MA, USA) and
Matlab2019b (the MathWorks Inc., Natick, MA, USA) programming language.

2.3. The Three-Element Standard Linear Solid Model

Figure 1 shows the three-element standard linear solid model (SLSM) [23], which is
obtained by adding a spring series with a Kelvin—Vogt (KV) unit (blue box in Figure 1).
The KV model consists of a spring coupled in parallel with a dash pot that represents the
viscoelastic component of the model. E is the elasticity of the springs, I is the viscosity of
the dash pot, o is the applied stress (or external load) and ¢ is the strain, respectively. The
third element consists of an extra spring (E1) that forms the purely elastic behavior of the
system. In the three-element SLSM, the Kelvin—Voigt representation is used to distinguish it
from the Maxwell representation. The model is oriented in the plane of the corneal lamellae,
where the air pressure from the tonometer is perpendicular to our viscoelastic model with
3 elements. In this orientation, the model aligns with the forces generated in the lamellae
and represents the elongation and shortening of the lamellae as the wall stress in the cornea
changes during measurement.
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Figure 1. Representation of three elements of the standard linear solid model. E, I], o and ¢ correspond
to elasticity, viscosity, applied stress and induced strain, respectively.

From the Figure 1, the equations for the SLSM are [23]:

=01+ 0

o= E1£1

01 = Exep 1)
0y = Néa

e=¢ +¢&

where ¢ is the stress rate. The constitutive law for the SLSM is given by [23]:

n - ( EiEp Ein :
G+<E1+E2>G_<E1+E2)£+<E1+E2>E @

Assuming the cornea to be axisymmetric, a single elastic constant should govern the
corneal behavior, so we can identify E; = E; [19]. Consequently, the constitutive law for the
standard solid model can be written as:

(@)= (£) o 1)

In addition, the cornea is considered an isotropic spherical membrane with constant
thickness and the load on the cornea is assumed to be uniform. If the SLSM is loaded
(considering a step function for the stress o), the response is given by solving the differential

equation (Equation (3)):
() = [é ‘e (1 - (n“)] @)

Notice that, immediately after applying the load stress, the strain will be entirely from
the lone spring (E1). Thus, in fact, £(0) = 0p/E.
When the stress is removed, the absence of load (o = 0) reduces the constitutive law to:

(B e -
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and the relaxation response is:
—(E E
e(t) = Le (n)t<e(n”“ _ 1) ©6)

where the time t begins at the zero load event at which the stress is applied. The point
at which the stress is removed is given by t,. Then, Equations (4) and (6) can predict the
response of the model (strain) under stress given the values for elasticity and viscosity. The
next section attemps to develop analitical expressions for the calculation of E and 1] from
air-puff corneal applanation measurements.

2.4. Experimental Calculation of Elastic and Time-Dependent Biomechanical Properties

The ORA device provides invaluable mechanical information beyond the CRF, CH
and IOP parameters provided by commercial software. Figure 2a shows a representative
measurement showing both signals corresponding to the force of the air jet applied to the
cornea and the deformation monitored by electro-optical detection. The red waveform
shows two peaks (P1 and P2) representing the first and second applanation events as
the cornea moves inward and outward, respectively. The green Gaussian-shaped curve
corresponds to the delivered pressure and is responsible for the forward and backward
corneal displacement phases. At the moment of maximum corneal deformation, the
Gaussian reaches maximum peak.

Air pressure

[(a)

e e 1

[ (apz)}" Ei First applanation Relaxation state

Applanation/pressure
signal (a.u)

Time (ms)

Figure 2. (a) Representation of the ocular anterior chamber during air-puff tonometry. Sy and
Reor correspond to the sagitta of the area of air jet application and corneal curvature radius before
applanation. (b) At the first applanation event, Sapp = —Sg. The diameter of the area of applanation if
given by 2-Xcor. (c) Representation of the applanation/pressure signals during air-puff tonometry
ORA measurement. P1, P2, CH, ¢(ap1) and o(ap,) are the first and second applanation pressures,
corneal hysteresis and first and second pressure rates at the moment of the two applanation events,
respectively.

In this sense, Figure 2b represents the first applanation event, where the applied stress
(op1) on the anterior corneal surface is given by [19]:

Pr,l 'Rcor

"= DecT @

where Reor and CCT are the original corneal radius and central corneal thickness, respec-
tively. Pr ; is the resulting pressure in the first applanation event [24]:

P,; = P; 4+ Py — IOP (8)

where Py, Pis and IOP are the first applanation pressure, the tear film surface pressure and
the intraocular pressure, respectively. Once the measurement is completed, the cornea
returns to its original state and shape (Figure 2c).
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The air jet applies stress on a total corneal diameter of 2-X¢or, which subtends an arc
length in the relaxed state, Leor [19]:

Leor = 2-CCT |sin™! Xeor 9)
Rcor

When the cornea is completely applanated (i.e., corneal sagitta is Sapp), Leor = Laas
=2 - Xcor, then the induced strain (gg44) by the applanation pressure P; can be calculated
from Equation (4) [19]:

o Leor — Lflatt _ Xeor
Eflatt = =
Lor  cCTooin" (31)

-1 (10)

Once the values for stress op; and strain gg,y; for the first applanation are known,
corneal elasticity can be calculated:

E— 2P 11)
Eflatt
On the other hand, the corneal retardation time T is the time in which about 63% of the
final corneal strain is determined [25,26]. This metric would measure the cornea’s ability to
absorb IOP fluctuations. Recently, our group developed a theoretical method to derive a
practical expression for this parameter [27] once the applanation pressures (P; and P,) and
their first derivatives are known (please, see again Figure 2a):

S 2CH
\o(apr)| + |o(ap2)|

(12)

The accurate method to determine the applanation pressures is performed via the two
ORA characteristic curves: the applanation signal (corresponding to the IR light that is
reflected off the surface of the cornea during perturbation) and the pressure amplitude
(please, see again Figure 2a). The last curve can be fairly fitted by a Gaussian profile with
a high confidence level (0.985 < R? < 0.997 in all cases) [27]. Then, the applanation signal
provides the two applanation pressures P; and P, (via the sharp peaks in both panels),
whereas the derivatives of the applanation pressures o (ap1) and o(ap,) can be analytically
evaluated from the first derivatives of the fitted Gaussian profile.

Once the time-dependent parameter T is computed, the corneal viscosity can be easily
obtained by the following expression:

0'P1'CH

I e (apy)] + [oap2)])

(13)

2.5. Statistical Analysis

Experimental data are stored in an Excel spreadsheet and then migrated to Origin Lab
software 2024b (Origin Lab Corp., Northampton, MA, USA) for statistical analysis and
graphical representations. Statistical analysis consists of Spearman rank order correlation
and regression analysis. Data shown in Figure 4 are modeled by a piecewise 2 segment
linear regression for which the threshold values correspond to the point of discontinuity
obtained as a result of the regression analysis. Limits of agreement and confident bands are
used to quantify the agreement between the given parameters in graphical representations.
Statistics is performed using the advanced statistical tool from Origin Lab software.

3. Results
3.1. Efect of IOP on Elastic, Viscoelastic and Viscous Properties of the Cornea
The aim of this section is to investigate how fluid pressure within the eyeball impacts

corneal biomechanics due to its relevance to glaucoma disease [28]. Table 1 shows the repre-
sentative mean values of IOP, geometric and biomechanical parameters for all participants
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Elasticity (KPa)

in this study. Elasticity, tau and viscosity are calculated using Equations (11), (12) and (13),

respectively.

Figure 3 represents CH as a function of the IOP. As the intraocular pressure increases,
the ability of the cornea to absorb and dissipate excess mechanical energy reflects a decrease
in CH measurements, with a significant negative correlation (R? = —0.49, p < 0.001).

. T
14} ‘ Data
o= Linear fit
e 03% Confidence Band
12 + = 05% Prediction Band
C)
E
é 10m- -
=
O
8 f
CH=-0.24*10P+13.76 ‘
o | RE=—-0.49
P<0.001
10 12 14 16 " 18 20 22 24
IOP (mmHg)

Figure 3. CH as a function of the IOP,. for all participants involved in the study. The blue line
corresponds to the best linear fitting of the negative correlation found between both variables.

Figure 4 shows the experimental values for elasticity (Figure 4a) and viscosity (Figure 4b)
of the human cornea as a function of the IOP. The results show piecewise linear behavior
with statistical correlations of R? = 0.81 (p < 0.0001) and R? = 0.80 (p < 0.0001), respectively.

T 20

o IOP - . Data IOPM B IOPI”i’I . Data
min — Regression w— Regression
w— 95% Confidence Band B 15+ — ‘)5”76 Confidence Band
— 95% Prediction Band — 5% Prediction Band
0
=
& 10 +
g
@
g st
R
a -

R?2=(0.81 ] ot R?=0.80 1
p <0.0001 0r,| (a)] p <0.0001 or;| (b)
6 8 10 12 14 16 18 20 22 24 6 8 10 12 14 16 18 20 2 24
IOP (mmHg) 0P (mmHg)

Figure 4. Elasticity (a) and viscosity (b) as a function of the intraocular pressure. The blue lines
correspond to the piecewise linear fitted intervals. The green and blue boxes indicate the minimum
(IOPpin) and maximum (IOPmax) IOP of the intervals separated by the IOP threshold (IOPy).

The two-segment linear regressions for E and 1) are given by experimental fitting
expressions 14 and 15. We find a threshold IOP value (IOP,) of 14.45 mmHg, for which
the intervals are defined. For IOP values less than 14.45 mmHg, the elastic and viscous
components of the cornea are negatively correlated, i.e., elasticity and viscosity decrease
as the IOP increases up to IOP,. However, for IOP values higher than IOP,,, the trend is
reversed and both elastic and viscous properties increase as a function of IOP.
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9.33- (0P, —IOP) +0.21-(IOP—10Pmin) 1P . < [OP < JOP
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E(IOP) = {0.21- 0Py ~TOP) £ 11 361 (10P—1OP (14)
e e !, 10P, < TOP < IOPyax

14.33-(10P, ~IOP) +047-(IOP-1OPwn) 1P < [OP < [OP
7 mm —= — u

n(Iopr) = {0.47-(IOPMAXIPIPOHIT)gI.)é“éT‘(IOP—IOPH) IOP.. < IOP < IOP
TIOPpax—IOP, 4 u = — MAX

(15)

3.2. Retardation Time as a Biomechanical Behavior Threshold: Role of Elasticity and Viscosity on
Corneal Viscoelasticity

Corneal retardation time (1) has been reported as a good biomarker of corneal vis-
coelasticity [26], which, in collusion with the CH parameter, provides combined information
regarding elastic and viscous properties. At this point, it is crucial to ask a fundamental
question: what is the elastic response of the cornea when its viscoelastic behavior changes?

Figure 5 shows the elasticity calculated from all subjects as a function of the retardation
time (7). The elastic property of the cornea shows an almost symmetric behavior around
a given value of the retardation time Ty = 1.22 ms. For those corneas characterized by a
retardation time less than 1.22 ms, elasticity decreases as viscoelasticity increases. However,
an inverse behavior is observed for values of Ty > 1.22 ms.

16 F LA B B B R B B B S S S S S S S S S S SN L R B B B R |
14 - O Data -
12 E ——— Regression ]
= —— 95% Confidence Band
a 10 F ——— 95% Prediction Band E
I 5
> 8 E
o= £ ]
o 6F ]
> : ]
= 4¢f ]
= : ]
2F E

0.6 0.8 1.0 1.2 1.4 1.6 1.8

Figure 5. Elasticity as a function of the retardation time. The red dotted line indicates the threshold
retardation time (Ty) separating the trend intervals.

From the data observed in Figure 5, there appears to be a threshold in the retardation
(Ty) time, beyond which the elastic behavior of the cornea is reversed. To understand
the influence of this threshold on the evaluation of viscoelasticity, Figure 6 shows the
influence of the elasticity and viscosity on corneal hysteresis for values of Ty < 1.22
ms (Figures 6a and 6b, respectively) and for values of retardation time greater than Ty
(Figures 6¢ and 6d). For retardation times less than 1.22 ms, both the viscosity (Figure 6a)
and elasticity (Figure 6b) components contribute to an increase in corneal hysteresis with
parabolic correlation (R? = 0.60 and R? = 0.59, respectively). However, an interesting phe-
nomenon is observed for corneas exhibiting retardation times larger than 1.22 ms. If corneal
viscosity (Figure 6¢) or elasticity (Figure 6d) increases, the viscoelasticity measured by the
CH parameter decreases, with a statistically significant negative linear trend (R? = —0.66
and R? = —0.14, respectively). It is worth highlighting that, while for Ty < 1.22 ms, the
corneal hysteresis shows a similar dependence on viscosity and elasticity, for retardation
times greater than Ty, the main contribution to viscoelasticity comes from the viscous
component.
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Figure 6. CH as a function of viscosity (a) and elasticity (b) for retardation time values below the
thresold (1y) and CH versus I] (c) and E (d) for suprathreshold T values.

3.3. Influence of Elasticity and Time-Dependent Parameters on Corneal Optical Properties

The ultrastructure of the stromal lamellae (formed by type-I collagen fibrils) is respon-
sible for corneal optical transparency [3]. In addition, the three-dimensional architecture at
the microscopic level has an important implication for the corneal biomechanics [5]. In this
sense, this section studies the influence of elasticity and time-dependent corneal properties
on both corneal transparency (quantified by optical density measures) and high-order
corneal aberrations.

Table 2 shows the representative mean values of optical density (OD), spherical
aberration (SA), trefoil and coma terms of the study sample.

Table 2. (a) Mean values (+standard deviation) for the corneal-compensated intraocular pressure
(IOPc), central corneal thickness (CCT), corneal radius (Reor), corneal hysteresis (CH), elasticity (E),
viscosity (I]) and tau (t) parameters. (b) Mean values (£ standard deviation) for the OD, SA, trefoil
and coma of all participating subjects.

(@)
TP (mmHeg) (fg vl (mg;l{g) - ko) (ms)
16.51 +2.32 555.75+£2949 789+030 978+116 344+267 357+239 112+0.13
(b)
OD (pd/um) SA (um) Trefoil (um) Coma (um)
0.034 + 0.004 —0.15+0.08 0.19 £ 0.13 0.27 £0.14

Figure 7 shows the relationships found between viscosity and corneal optical density
(OD). Optical density increases moderately with viscosity (R? = 0.28) (i.e., optical trans-
parency decreases as viscosity increases). No relationships are found between elasticity
and optical density.
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Figure 7. Optical density values as a function of the viscous component. Green lines correspond to
the statistical linear fitting (R2 =0.28, p < 0.001).

With respect to corneal optical imperfections measured by high-order aberrometry,
Figure 8 shows the correlations found between elasticity and retardation time with the coma
term. The data shown in Figure 8a indicate how increasing corneal elasticity correlates
(R? = —0.23) with a descent in the amount of coma term. On the contrary, longer retardation
times are related to an increase in corneal coma (Figure 8b).

1.0

0.8

0.6

0.4

Coma (pm)

0.2

0.0

I 1.0
@ »u @ v RZ =0.28
s [] 08 [ OgP<0.01
— 5% Prediction Band —— 95% Prediction Band
~~
{8 os
<
| &<
z 0.4
(=}
19 02
] 0.0 ]
(2) (b)
4 6 8 10 12 0.8 1.0 12 14
Elasticity (Kpa) T (ms)

Figure 8. Coma high-order term as a function of elasticity (a) and corneal retardation time (b). Red
lines correspond to the best linear fittings of the data.

3.4. Creep Relaxation Response of the Human Cornea as a Function of Elasticity and Viscosity

Once the elastic and time-dependent biomechanical properties of the human cornea
are experimentally derived from ORA measures and Scheimpflug imaging, the SLSM (see
Section 2.3) can be fed back from the experimental data for the simulation of creep and
stress relaxation behavior under real conditions. Table 3 shows the experimental values of
elasticity and viscosity for the representative mean value of our study sample, for an ocular
hypertensive patient and for a healthy user of Ortho-K contact lenses.
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Table 3. Elasticity (E) and viscosity (I]) for a normal cornea (mean value of 200 healthy subjects), for
an ocular hypertensive patient and a healthy Ortho-K contact lens wearer.

Normal

Cornea Ocular Hypertensive Ortho-K User
E (Kpa) 344 13.23 3.13
N (Pa-s) 357 8.62 347

The data shown in Table 3 are entered as inputs into the solid model to perform a creep
and stress relaxation response over a time of 10 s. The ocular hypertensive patient showed
a drastic increase in both elastic (+42.2%) and viscous (+82.85%) components. However, the
Ortho-K user experienced a slight reduction in E (—9.44%) and almost negligible variation
in 1 (—2.84%).

Figure 9 compares the creep relaxation test between a pathological eye and Ortho-K
contact lens wearer with the normal response of a population of 200 healthy young subjects.
In agreement with the mean values shown in Table 3, the Ortho-K wearer showed an almost
negligible relaxation response compared with normal corneas, while a slightly weaker
reduction is seen in the creep response. The ocular hypertensive patient showed a rapid
stabilization of the creep (Figure 9a) and relaxation curves (Figure 9b), with a significantly
reduced response compared with the normal representative curves (Figure 9, blue lines).

Creep response . Relaxation response
(a) s Normal subject | (b) Normal subject
Ocular hypertensitve patient } 4.5 Ocular hypertensitve patient |
Orto-K wearer |8 Orto-K wearer
4
3.5
3t
")
7]
g 25
7]
2
1.5
1h
1}
! 0.5
. " 0 .
4 6 8 1 0 2 4 6 8 10
Time Time

Figure 9. Comparative creep (a) and relaxation (b) tensile tests for normal corneas (blue curve), an
ocular hypertensive patient (red curve) and an Ortho-K contact lens user (orange curve).

4. Discussion and Conclusions

We proposed a simple experimental methodology to obtain information on separated
elastic and viscous components from the viscoelastic properties of the living human cornea.
The results from the ocular response analyzer combined with geometric information from
corneal Scheimpflug imaging allowed us to calculate the corneal retardation time [24]
(1), the corneal elasticity (E) and finally the corneal viscosity (1) from a large sample of
young subjects.

To the best of our knowledge, this is the first work presenting the experimental
derivation of viscous and elastic components from measurements of living human corneas
combining non-contact tonometry and Scheimpflug imaging. In addition, we presented
analytical expressions to calculate both elastic moduli and time-dependent biomechanical
properties of the human cornea.

The SLSM was employed here to model the human cornea and obtain the creep and
stress relaxation response from experimental data by solving the constitutive stress—strain
equation of the constitutive law for the loading and unloading conditions of the system.
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Biomechanical and geometric experimental data from ORA measurements and Scheim-
plug imaging were acquired from 200 eyes of healthy young subjects (See Table 1). From
these data, E (Kpa), T (ms) and 1] (Pa*s) were calculated.

Mikula et al. found a mean elastic moduli value of 3.05 Kpa through the axial cornea
measured using acoustic radiation force elasticity microscopy [29]. In agreement, we found
an average elastic modulus of 3.44 + 2.67 Kpa.

Rahmati et al. [30] conducted in-depth research into the biomechanics of keratoconic
corneas (KCs), focusing on the viscoelastic properties of both healthy and pathological
patients via a finite element optimization algorithm. Though this paper reported interesting
conclusions on corneal viscosity in KC patients, the main population of our work consisted
of healthy subjects (with one exceptional case of possible glaucoma). Moreover, the authors
described the corneal viscoelasticity via the shear deformation parameter, whereas the goal
of our research was to separate both viscoelastic contributions, that is, the elastic modulus
and viscous component at a time. Nevertheless, the study of biomechanical properties in
keratoconic corneas is a matter for future research by our group.

Francis et al. reported a methodology for obtaining corneal viscous properties by
analyzing the temporal corneal deflection signal from air-puff applanation in a large sample
of normal subjects and patients with keratoconus [31]. In particular, they analyzed the
deformation data using the standard linear solid and Kelvin-Voigt models. Unfortunately,
they did not detect a significant corneal viscous response of the cornea and concluded
that viscous properties cannot be computed from air-puff applanation. Our proposed
methodology allowed us to experimentally measure (and calculate analytically) the viscous
property of the human cornea in vivo; we found an average value for normal corneas of
3.57 £2.39 [Pa - s].

The discrepancies between our study and that published by Francis et al. reside in the
adequate definition of a time-dependent biomechanical parameter that relates the viscosity
and elasticity, such as the previously reported corneal retardation time [27].

Considering that intraocular pressure (IOP) is the main clinically interesting force
affecting the cornea (and its implications on the optical nerve and glaucoma disease),
Figure 1 explores the influence of IOP on corneal hysteresis (CH). A negative correlation
was found between IOP and CH in accordance with previous studies [32-34].

Therefore, the higher the IOP, the lower the CH and, therefore, the lower the ability of
the cornea to dissipate and/or absorb energy from an excess of intraocular pressure.

In this sense, the influence of IOP on the separated elastic and viscous components is
analyzed in Figure 4.

A piecewise asymmetric linear behavior was found between IOP, E and 1) for an IOP
threshold value of IOPy = 14.45 mmHg. A negative linear correlation between E and 1)
with IOP was found for values of IOP lower than IOP,. However, for intraocular pressure
measurements greater than 14.45 mmHg, both the elastic and viscous components of the
cornea increased with IOP.

This seemingly anomalous behavior can be better understood by analyzing the results
shown in Section 3.2. The corneal retardation had a limit of 1.22 ms, from which the corneal
elasticity reversed its behavior (Figure 5).

Considering the threshold value of T = 1.22 ms, we investigated the influence of
separated elasticity and viscosity on corneal hysteresis.

In 2008, Glass et al. [19] reported a methodology based on a viscoelastic model to
evaluate how the individual contribution of viscous and elastic components affected
corneal hysteresis (i.e., corneal viscoelasticity) in a corneal phantom. They concluded
that low hysteresis can be related to either low and high elasticity, depending on the
viscous component.

In agreement, our finding revealed that, for low values of retardation time, an increase
in both elasticity and viscosity implied a growth in CH. But, consequently, for retardation
times higher than 1.22 ms, the dependence of the elastic component on CH decreased and
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governed a clear correlation of viscosity with corneal hysteresis. As the viscosity increased
the CH decreased, with negative significant correlation.

Therefore, for corneal retardation times greater than 1.22 ms, the cornea showed a
predominant viscous behavior. That is, the cornea was capable of absorbing energy but lost
the ability to dissipate energy.

Optimal visual acuity is contingent upon corneal transparency. Corneal infections,
contact lens complications, chemical injuries or neovascularization are causes of corneal
opacification. However, corneal surgery for refractive error correction such as photorefrac-
tive keratectomy and accelerated cross-linking for the treatment of degenerative kerato-
conus can lead to permanent corneal opacification in healthy patients [35]. These last two
corneal surgery techniques involve a redistribution of corneal stiffness and biomechanical
remodeling.

In this sense, Section 3.3 analyzed the influence of elastic and viscous components on
corneal transparency quantified by optical densitometry measurements (corneal Scheimpflug
imaging). The results showed a linear dependence on the optical density (OD) but no statis-
tical relationship with elasticity (See Figure 7). Our findings revealed a decrease in optical
transparency (i.e., higher optical density) as the viscosity increased.

The results shown in Figure 8 are especially relevant for refractive surgery to better
understand how photorefractive laser ablation redistributes the corneal stiffness and how
this affects the appearance of higher order aberrations such as coma.

On the other hand, one-dimension tensile creep and stress relaxation tests are usually
performed to analyze the viscoelastic nature of the cornea [36,37]. SLSM allowed us to
simulate feedback creep relaxation tests from calculated experimental data. The creep and
relaxation responses of normal (mean value of 200 healthy subjects), ocular hypertensive
and Ortho-K contact lens user were compared. The patient with ocular hypertension
showed a drastically reduced response in both creep and relaxation responses compared
with normal eyes; however, the Ortho-K user showed a weak and reduced response in the
creep response only.

The results obtained in the creep relaxation tests can help to better understand the
management of glaucoma and the biomechanical impact of the use of Ortho-K contact
lenses for the temporal correction of ametropia.

Finally, it is necessary to emphasize why it is clinically revelant to obtain the separated
elastic and viscous components with respect to the viscoelastic measure. Elasticity and vis-
cosity properties arise from different mechanisms governed by the structural arrangement
of type-I fibrillary collagen at micro- and nanoscales. Low values of viscosity or elasticity
cannot be detected in hysteresis measures and results, as both properties play potentially
offsetting ways [19].

Then, let us supose that, under normal physiological conditions, the cornea exhibits
a compensatory biomechanical mechanism in which the product E*1) remains constant,
that is, viscoelasticity is balanced by the individual contributions of the viscous and elastic
components. In this sense, Figure 10a shows the product E*1] for a range of IOP between
10 and 22 mmHg. It can be seen that, for an IOP range located aproximately between 14
and 16 mmHg, E*) is practically constant; however, outside that range, the trends are again
reversed according to the results previously shown. Green and orange boxes delimit pairs
of experimental values exhibiting a similar E*1] product, which would be equivalent to
presenting equal measures of viscoelasticity.
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Figure 10. E*1] as a function of the IOP (a) and averaged values of E and I] corresponding to the green
and orange boxes marked (b), respectively.

This would be a clinical disagreement, since the corresponding IOP values are at the
extremes of the range. However, if the viscoelasticity is separated into its main components,
the elastic and viscous parameters reveal significant differences that could be hidden in
viscoelastic measures. While the values of the green and orange boxes appear similar in
viscoelasticity (Figure 10a), the individual components of E and 1 reveal that the cornea
becomes more elastic and less viscous as a result of the intraocular pressure.

It is well known that the measure of viscoelasticity (corneal hysteresis) is not strongly
correlated to IOP [38]; a moderate correlation (R? = —0.49) was found in this study. Low
values of viscosity or elasticity cannot be detected in hysteresis measures, as both proper-
ties play potentially offsetting ways [19]. The improved outcomes of obtaining separated
measures of elasticity and viscosity are directly related to glaucoma patients; lower mea-
sured values of CH can be clinically interpreted as a risk factor of glaucoma damage [ref];
however, the elasticity or viscosity can be a stronger contribution with the progression
of glaucoma.

To conclude, we present a new methodology to experimentally calculate the separate
corneal elasticity and viscosity components of the viscoelasticity measurement by feeding
the standard linear solid model with experimental air-puff applanation tonometry and
corneal Scheimplug imaging.

Ocular biomechanics is strongly affected by intraocular pressure. Low values of
hysteresis should not be considered on their own as risk factors in glaucomatous optic
neuropathy; however, the behaviors of the viscous and elastic components should be
considered. For subthreshold IOP values of 14.45 mmHg, corneal hysteresis increases
with elasticity and viscosity. However, for values above the IOP threshold, low values of
viscoelasticity are related to an increase in the viscous and elastic components, with a clear
predominance of the viscous property. Results also show that changes in corneal optical
density and high-order aberrations can be reflected in both elastic and time-dependent
biomechanical properties.
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