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Abstract

This thesis addresses the reliability of Goldmann-type applanation tonometers
(GAT). It deals with the investigation of the relation between predicted intraoc-
ular pressure, IOPG and true pressure, IOPT. The problem of the accuracy of
GAT readings has acquired special importance over the last two decades as new
types of surgical procedures to correct vision disorders are being explored and
gain universal acceptance. The overall aim of the present study is to assess the
effects of individual variations in the corneal central thickness (CCT), material
properties of the involved tissues and paracentral applanation on the accuracy
of IOPG.

Two finite element models have been constructed: a two-dimensional ax-
isymmetric model of the cornea and a three-dimensional model of the whole cor-
neoscleral envelope. Various material descriptions were adopted for the cornea
in 2D, whereas the 3D model accounted for collagen microstructure and repre-
sented a hyperelastic fiber reinforced material. Nonlinear analyses were carried
out using the commercial general-purpose finite element software ABAQUS.
An extensive literature survey and consultations with ophthalmologists and
clinicians were the platform for establishing relevant modelling procedures.

The results reveal a clear association between all considered parameters
and measured IOPG. The effect of assumed CCT is highly dependent on the
corneal material properties. Material model alone has a profound effect on
predicted IOPG. Variations in tonometer tip application produce clinically sig-
nificant errors to IOPG measurements. Potential effects of corneal stiffness
and paracentral applanation on GAT readings are larger than the impact of
CCT. The behaviour of the models is broadly in agreement with published
observations. The proposed procedures can be a useful tools for suggesting the
magnitudes of corrections for corneal biomechanics and possible human errors.
The present modelling exercise has an ability to reproduce the behaviour of
human cornea and trace it under IOP and GAT, providing potentially useful
information on the distribution of stresses and strains. Some recommendations
can be drawn in pursuit of the clinical imperatives of ophthalmologists.

Descriptors: IOP, GAT, ocular biomechanics, corneoscleral envelope, finite
element modelling, parametric analysis
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Overview and Literature Survey





Chapter 1

Introduction

1.1. Background

We, humans, are a highly visual species. Most of our information about the
world comes to us through our eyes and most of our cultural and intellectual
heritage is stored and transmitted as words and images to which our vision gives
access and meaning. Knowing more about our eyes and vision is, therefore,
one path to analyse and understand ourselves. A better comprehension of
the human eye allows us to intervene more intelligently and purposefully as
we attempt to correct or modify disorders of the eye brought on by trauma,
disease or ageing.

1.1.1. Ocular Biomechanics

Despite advanced experimental and clinical methods some visual mechanisms
still remain generally unknown. Such a science as ocular biomechanics came
as a solution, representing a subset of the field of biomechanics. By defi-
nition, biomechanics combines the laws of physics, applied mathematics and
engineering concepts to study a biological phenomenon, describe parts in mo-
tion, couples associated with this process and the forces acting upon them
during activity. This systematic biomechanical approach has numerous advan-
tages; particularly, this treatment has been very successful in the understand-
ing of physiological processes. Proposed technical tools and concepts describe
biomedical processes in terms consistent with their functions, and aid in the
interpretation of failing physiological functions, as well as the application of
corrective techniques.

As any other biological entity the eye needs to perform a series of complex
and interrelated activities in order to work adequately and sufficiently. If any
of these activities is somehow altered, the entire system may suffer. Moreover,

1



2 1. INTRODUCTION

some of the treatments used to correct a given anomalous condition inter-
fere with present eye activities, partially modify them and, thus, may cause
unwanted secondary effects. The driving force behind studying the ocular phe-
nomena is of great medical relevance for the understanding of these processes
and treatments, their causes and consequences. More detailed investigations on
the functioning of primary eye systems are not only important for the clinical
ophthalmologic practice, but also crucial for comprehension of general concepts
of human eye. Conduction of such biomechanical studies provide an explana-
tion for normal and pathological performances of intraocular structures, and
indicate prospective directions for treatment and diagnostics of some ocular
diseases, reducing the risk of surgery of such pathologies.

The combination of various experimental studies, both in vivo and in vitro,
and mathematical descriptions of phenomena may be of invaluable help to anal-
yse and explain the visual mechanisms and gain a better insight into ophthal-
mologic processes. Important data, provided by experiments, are interpreted
within the context of an analytical framework, while theoretical simulations
are used to test the consistency of sets of previous experimental measurements,
suggesting where further laboratory studies are needed. Numerical analysis
has been helpful in the understanding of biomedical processes by means of
computer simulations. Other major contributions brought to the medical com-
munity by computational facilities include the ability to analyse, manage and
visualize vast amounts of data. The integration of these techniques has become
widely accepted as investigative tools for systematic analyses.

1.1.2. IOP & Tonometry

The fluid pressure inside an eye is called the intraocular pressure (IOP). It is a
key diagnostic parameter to determine the health of the eye. In clinical practice
tonometry test is employed for the IOP measurement, which is done through
the corneoscleral coat by different types of tonometers. Tonometry is a part
of routine eye examination to screen for increased IOP, assess glaucoma risk
and treatment efficacy, Fisher (1972). Glaucoma is a disorder defined by slowly
progressive loss of vision in association with characteristic signs of damage to
the optic nerve. It is one of the world’s major causes of blindness, Foster &
Johnson (1990), and has been nicknamed ”the sneak thief of sight”, since it has
no early warning signs. Chronic glaucoma – which accounts for most glaucoma
cases – often goes undetected for years, resulting in significant and permanent
damage to the eyes. The studies have emphasized the significance of intraocular
pressure in the diagnosis of glaucomatous condition and the importance of IOP
reduction in the management of this disease, Chisholm et al. (1989); Bashford
et al. (2005).

The evaluation of IOP is also important in the postoperative management
of corneal, lenticular and vitreoretinal diseases. These diseases as well as dif-
ferent surgical manipulations can drastically change structural integrity of the
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eyeball, which, in turn, lead to the changes in corneoscleral shape and material
characteristics. Various vision disorders also have an influence on the ocular
coat. Since IOP is, by definition, the tension exerted by the contents of the
globe on the corneoscleral envelope, these refractive errors consequently affect
the IOP. For example, myopia is associated with higher intraocular pressure
(e.g. Tomlinson & Phillips 1970; Abdalla & Hamdi 1970), and appear to be one
of the risk factors for glaucoma, Mayama et al. (2002). Vice versa, a number
of reports have highlighted the high frequency of myopia in young adults pre-
senting with open-angle glaucoma, Goldwyn et al. (1970); Wilson et al. (1987).

Tonometry (from Greek ”tonos” – tension and ”metréo” – to assess) mea-
sures IOP by determining the resistance of the cornea to indentation. Tonome-
ter readings give just the approximation of true IOP through the reaction of
ocular shells and structures to the applied pressure. There is ample evidence
that thicker corneas cause falsely higher eye pressure readings, while in the
thinner glaucomatous corneas the pressure is measured to be too low, Ehlers
et al. (1975a); Johnson et al. (1978). The importance of the corneal central
thickness (CCT) in tonometry has been recognized, and nowadays measure-
ment of CCT (pachymetry) has been incorporated into the clinical practice
of IOP measurements. Since tonometry is indirect, the measurements are, at
some level, also dependent on the biomechanical properties of the eyeball. The
question is whether this dependence has any significance from a clinical view-
point.

An increasing number of people are undergoing corneal refractive surgery
aiming to correct their vision. These refractive surgeries alter the corneal shape
and structure, affecting the accuracy of routine IOP readings. The cornea
is not inert in biological and biomechanical meanings as assumed in ”shape-
subtraction” model of photokeratectomy that forms the foundation of LASIK
and PRK refractive procedures, Munnerlyn et al. (1988). Even with high-
precision treatment algorithms, discrepancies between intended and realized
visual outcomes are common, Roberts (2000). For myopes, who are the popu-
lation of patients most frequently undergoing a refractive surgery, glaucoma is
two to three times more prevalent than for people with normal vision, Perkins
& Phelps (1982); Chihara et al. (1997). Thus, concern is raised as to whether
the false readings of IOP in myopic eyes after refractive procedure can lead to
misdiagnosis of glaucoma.

There are multiple reports that after laser treatment to correct myopia the
applanated pressure decreases, Chatterjee et al. (1997); Emara et al. (1998). It
is disputable whether this is a true decrease in IOP or an underestimation of
IOP readings caused by reduced thickness and modified biomechanical proper-
ties of cornea, or both. Falsely low IOP readings create the risk for misdiagnosis
of potential glaucoma patients, resulting in missed or delayed glaucoma detec-
tion. In order to understand the accuracy of tonometric readings, at the begin-
ning we have to understand the principles of tonometry, i.e. the foundations
on which it is based.
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1.1.3. Principles of Tonometry

The mechanical tonometry was first introduced in the early 1860s, when Al-
brecht von Graefe attempted to create a first impression tonometer. Since then
a countless number of tonometers have been proposed, although only three
of them upheld their positions as world-wide instruments for measuring IOP.
As time passed, different modifications of these tonometers appeared, using
the same principles of work as their predecessors. They fall into two groups:
applanation and indentation (impression) types, see Figure 1.1. Indentation
tonometry (with the Schiøtz tonometer as a prototype) measures the depth of
the impression produced by a small plunger carrying a known weight and IOP
is determined by assessing the movement of the plunger and the correlation of
scale reading using a nomogram, with additional small metal weights added for
higher levels of IOP. The major shortcoming of impression tonometry is that it
displaces so much fluid upon contact with the eye that the measured readings
are highly variable and mostly inaccurate. Nowadays this class of tonometers
is mainly used in developing countries. In the present thesis the details con-
cerning the working mechanism of indentation tonometry are omitted, and we
deal only with conventional applanation tonometry.

A1 BBA
1

(a)

A B

A1
B1

(b)

Figure 1.1: Eye deformation by the (a) applanation (b) indentation tonometers. For
the sake of clarity the corneal deformations due to the applanation tonometry are
grossly exaggerated. In practice this is not as invasive as indentation tonometry and
displaces much less fluid than the latter.

Applanation tonometry measures IOP either by the force required to flatten a
constant area of the cornea (Goldmann tonometry) or by the area flattened by a
constant force, (Maklakoff tonometry). It was Maklakoff (1885) who described
the theory behind the method of applanation tonometry and its application to
his new tonometer. He proposed that if a solid sphere was flattened on part
of its surface, it followed from the laws of elasticity that the flattened area
was decided by the force causing the flattening and the hardness of the sphere.
Imbert, writing also in 1885, was aware of Maklakoff’s work and his instrument.
Both Imbert and Fick, who published in 1888, are credited with the Imbert-
Fick law, which is considered an abiding basis of the physics of applanation
tonometry.
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Imbert-Fick Law

The Imbert-Fick law claims that ”the pressure within a sphere is equal to the
applanation force needed to flatten part of the sphere divided by the area flat-
tened”, Shah (2000), i.e. the external traction is equal to the internal pressure.
This law invokes Pascal’s principle, which states that the pressure in a fluid is
equal at all points and in all directions. In medicine, IOP traditionally measures
in millimetre of Mercury (mmHg) and using conventional units:

P (mmHg) = 73.5×
W (g)

A(mm2)
, (1.1)

where W is the applanation force, A is the applanated area and P is the
intraocular pressure, see Figure 1.2(a). Strictly, the Imbert-Fick law (1.1) is
only correct when the sphere is dry, infinitely thin, perfectly elastic, perfectly
flexible and the only force acting against it is the pressure of the applanated
surface, Gloster & Perkins (1963). It is also assumed that the applanated area
and the subsequently displaced volume are small in relation to the total sphere
area and volume, Whitacre & Stein (1993).

A

WP

(a)

DISPLACED
VOLUME

MENISCUS
SURFACE

FORCE (M)

SPRING
FORCE (N)

(b)

Figure 1.2: (a) Applanation tonometry is based on simple definition of pressure.

Pressure is equal to force per unit area, (1.1). (b) Governing equation of tonometry,
(1.2). Redrawn from Moses & Hart (1987).

The corneoscleral envelope satisfies none of these criteria – it is a thick wet
shell with structural rigidity. Thus, the Imbert-Fick principle is merely an
explanation of how applanation tonometers work. The assumptions of the
Imbert-Fick law do not hold, and in reality the following is happening during
the IOP measurements:
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• In flattening a corneal segment the volume is displaced by the tonometer,
which stretches the eye with a consequent increase of IOP from P0 to Pt.

• The wedge between the cornea and plane surface is filled by tear fluid
which may be mistaken for part of the contact area, implying a larger
cornea contact area than actually exists and giving an underestimation
of pressure.

• The tonometer tip contacts both the cornea and the pre-corneal tear
film. The tear film produces capillary attraction, adding a surface ten-
sion S, which pulls the tonometer head toward the cornea and facilitates
applanation. The total applanation force is thus greater than the mea-
sured force, W , and is equal to W + S.

• The cornea offers a resistance to applanation which varies with the
corneal curvature, thickness and the presence or absence of corneal ep-
ithelial or stromal edema. If B is a force required to bend cornea and
resist applanation, then modified Imbert-Fick law states:

W + S = Pt · A + B

The latter can be re-written, giving the governing equation of applanation
tonometry, formulated by Goldmann & Schmidt (1957):

Pt + N =
W

A
+ M (1.2)

where M the is meniscus surface force between the tonometer tip and the
cornea, and N the modulus of elasticity of corneal deformation, Figure 1.2(b).

Goldmann tonometry

In Goldmann-type applanation tonometry (GAT) the intraocular pressure is
determined by how much weight is needed to flatten the cornea to a certain
applanated area. In the development of GAT, special attention was paid to
M and N , the disturbing forces in equation (1.2). Obviously, these are uncon-
trolled variables, varying from patient to patient. To decrease their influence,
the contact area (and hence the displaced volume) in GAT is kept small, so that
Pt is only about 3% greater than P0. Based on his empirical experimentation,
Goldmann proposed that a special dimension of the tonometer tip could be
chosen, so equation (1.2) degenerates to the simple form (1.1). This requires
the surface tension and corneal rigidity to balance and nullify each other, and
thus, the simple relationship between P , A and W is valid. It was reported in
several articles, that resulting behaviour was found to closely correspond with
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the prediction of the Imbert-Fick law when corneal applanated area was around
3 mm diameter and corneal thickness in the range of 0.50–0.57mm, Schmidt
(1960); Viernstein & Pollak (1979). In order to simplify the use of GAT for
the physician and avoid numerical conversions, the standard diameter of the
tonometer circular tip has been evolved to be 3.06 mm, since a force applied by
this tip equivalent to 0.1 g (i.e. a gravity force of 10−3 N), which corresponds
to 1 mmHg of pressure.

At the moment it is assumed that GAT provides the most accurate IOP
measurements in typical patients with average ocular parameters. Goldmann
tonometer is considered an international ”gold standard” and other modern
tonometers are calibrated against it.

1.2. Motivation to the Model

The Imbert-Fick rule is neither a physical law nor an engineering principle. It
is actually a summary of the empirical data based on a century of eye research
that allows us to characterize the deviations from the predictions of that law
as clinically irrelevant, if certain requirements are met. The GAT has been
designed under the assumption that the Imbert-Fick principle is valid for all
corneas, despite of the lack of scientific foundation. It was shown that Gold-
mann tonometry provides sufficiently accurate readings, when contact area is
carefully chosen and cornea has ”normal” average ocular parameters. But the
question arises if the following holds true for all the eyes with any corneal
curvature, thickness and rigidity. Does any factor, besides physician mistake,
influence tonometric measurements? Unfortunately, the answer is quite dis-
couraging. In spite of being considered as the most accurate of all tonometers,
GAT is inherently an imprecise measurement. It was reported that none of the
corneas employed in any study on the GAT calibration verified the Imbert-Fick
law exactly, and every cornea deviated from its prediction differently, Gloster
& Perkins (1963); Whitacre & Stein (1993). The GAT technique does not con-
sider the effect of the natural variations in the corneal thickness, curvature and
material properties. As these parameters affect the structural resistance of the
cornea, their variations are expected to lead to inaccuracies in IOP determi-
nation, Damji et al. (2003). With a wide span of these ocular parameters the
governing equation of applanation tonometry (1.2) could not be simplified to
the Imbert-Fick law (1.1) and, as a result, error in tonometric readings could
be clinically significant and IOP measurements highly inaccurate. Ophthal-
mologists have noticed that GAT often tends to underestimate the IOP under
circumstances when it is high enough to be considered dangerous. The sources
of this error are varied and include: the surface tension of the precorneal tear
film due to the presence of anesthetics, the shape and biomechanical proper-
ties of the corneoscleral coat and the systemic blood pressure, Liu & Roberts
(2005); Whitacre et al. (1993). Some of these factors can be isolated and it
is possible to study how they affect the measurement of the IOP. However,
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there are some others that are beyond normal control and their quantification
is less likely to be obtained. The knowledge of the sources and magnitude of
possible errors in Goldmann-type applanation tonometry is essential for the
interpretation of tonometer readings and their clinical application.

The indirect nature of GAT gives rise to the uncertainties induced by the
applanation technique. Even when tonometry is performed by experienced op-
tometrist or technician, there is a possibility of the human error. Potential eye
movement (i.e. gaze direction) or head inclination during the measurements or
applanation with paracentral cornea may affect the IOP readings. The range
of errors is unknown, but it is observed that they may be essential, (i.e. Moses
1958; Moses et al. 1982; Whitacre & Stein 1993). Any of the mentioned factors
(or combination of those) leads to various deviations in tonometer application
from a central positioning. To the author’s knowledge, the impact of paracen-
tral applanation on GAT readings has never been investigated in any theoretical
or numerical study and only few clinical trials were carried out, (e.g. Spierer
& Eisenstein 1991; Rask & Behndig 2006; Herzog et al. 2008). It is important
to evaluate a preliminary range of this, possibly, clinically important source of
errors in GAT.

1.3. Aims & Scope

The following study was designed to examine the reliability of IOP measure-
ments produced by Goldmann-type applanation tonometry. For this purpose
it is necessary to investigate the relationship between the tonometric readings
(IOPG) and true intraocular pressure (IOPT), existing in the eye. This is the
overall goal of this research. The pursued aims are the following:

• by means of numerical modelling based on nonlinear finite element anal-
ysis, construct relevant models of cornea and corneoscleral envelope;

• establish GAT procedure with each representative model, conduct nu-
merical simulations, calculate IOPG;

• assess the effects of individual variations in central corneal thickness
(CCT) on the predicted IOPG;

• investigate the influence of different material parameters of the involved
tissues on the predicted IOPG;

• study the sensitivity of the model to the applanation techniques;
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• evaluate the accuracy of IOPG estimates, determine the pattern of de-
pendencies of GAT readings from various parameters;

• analyse achieved results and compare with previously published work;

• discuss shortcomings and advantages of proposed models, suggest im-
provements in the modelling procedures; consider possible applications
of proposed numerical models in future numerical studies and in clinical
practice.

The present study is of medical relevance since the failure to adjust IOPG
estimates for variation in CCT or postoperative changes in biomechanics of
human eyeball, influences clinical decision-making in obvious way. A piece to
that puzzle can be a mechanical model. Structural engineering analysis tools
have been used to improve the understanding of the biomechanical behaviour
of the cornea. This research was a collaboration between structural engineers
and ophthalmologists. The initial study involved a vast literature survey on
the behaviour of the cornea and corneoscleral envelope under different loads,
constitutive governing laws, material and geometrical properties. These data
from a wide variety of sources have been drawn together to facilitate the con-
struction of the two-dimensional finite element model of the cornea and three-
dimensional model of the whole corneoscleral envelope. Consultations with
ophthalmologists and clinicians was an important part in establishing the mod-
elling procedures. It should be noted that procedures and assumptions used
to specify the model are based entirely on what the author regards as sensible,
reliable and reasonable interpretations of the available data. Numerical mod-
elling is adopted as it has the potential to represent real life conditions without
having to adopt the simplifications necessary with mathematical closed form
solutions. Heterogeneous, orthotropic and nonlinear isotropic axisymmetric
cornea models were constructed in two-dimension, whereas in three-dimension
the human cornea was represented as a composite anisotropic structure with
layering pattern of collagen embedded in the ground substance. Nonlinear anal-
yses have been performed using the commercial general-purpose finite element
software ABAQUS, Hibbit et al. (2004). The numerical model has undergone
a number of stages to optimize its construction and improve its accuracy. The
construction of the model was followed by a validation process against existing
published experimental tests. It was shown that, with carefully chosen pa-
rameters, the proposed corneal material models were able to capture uniaxial
and inflation responses with good accuracy. These derived constitutive corneal
models were used in the parametric studies in which GAT procedure was sim-
ulated with different geometric and material properties of the human eyeball,
as well as with different loading possibilities for tonometer applanations. The
model’s response was examined and error estimates of IOPG associated with
the variability of each characteristic parameter were calculated. Correlations
between true and measured IOP were analysed. Comparison was performed
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between the outcome of our models and observations reported by clinical trials
and previous theoretical studies.

1.4. Outline of Thesis

The general plan of our study may be outlined as follows: first, a literature
review on the topic is created, followed by the theoretical analysis of all the
factors involved in a tonometric readings. Based on this review, modelling
procedures to recreate GAT are proposed and several numerical models are
developed. The comprehensive survey summarizes the knowledge acquired by
investigators in this particular area of ocular biomechanics. The first part
of the thesis, therefore, attempts to familiarize the reader with the basics of
anatomy, working principles of tonometers, popular refractive surgery proce-
dures and previous experimental and theoretical studies conducted by different
researchers in this field. This is a foundation for the dissertation.

• Chapter 2 is devoted to the general anatomy of a human eye. It outlines
the construction of the eyeball, its respective tunics and their functions.
It also includes the anatomical terminology as well as macro and micro
corneoscleral architecture.

• Chapter 3 is concerned with tonometry and tonometers. It also connects
IOP, glaucoma and refractive surgery. Different types of glaucoma are
reviewed, various popular refractive procedures are discussed in order
to investigate what kind of biomechanical changes occur as a postoper-
ative outcome of these surgical treatments. The tonometric procedure
is presented from a historical point of view with the description of the
most influential three types of tonometers. Current understanding of the
working principle of applanation tonometry is also given. Modern types
of tonometers are reviewed and their advantages and disadvantages are
underlined in connection to the present thesis. Different sources of er-
ror occurring during the tonometric readings are grouped together for
consideration and their origins and limits are discussed.

• Chapter 4 reviews various experimental and theoretical studies of cornea
and sclera, their biomechanical and structural properties and responses
to different loading conditions, i.e. application of IOP, tonometry pro-
cedure, etc. In vivo and in vitro testing techniques are described and
their respective advantages and disadvantages are discussed with the
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objective to know their limitations and deficiencies. The current state-
of-art of theoretical analysis of cornea behaviour is reviewed with the
emphasis on numerical studies.

The provided background information is necessary to fully appreciate decisions
and judgements made later on in the thesis. The second stage of investigation
consists in using obtained knowledge in the construction of FEM models: first,
a two-dimensional model of the human cornea and, later, a three-dimensional
model of the whole corneoscleral envelope under the application of GAT. The
goal of these modelling exercises is to show how individual variations in such
parameters as CCT and biomechanical properties of different eyeball tissues
influence the tonometric readings. In three-dimensions the uncertainties in
measured IOPG induced by the applanation technique are also investigated.
Three different loading possibilities are considered, i.e. central and two vari-
ants of paracentral applanation of the tonometer tip. Sensitivity of the resulting
IOPG is determined via extensive parametric study. The general explanation
of the second part of this dissertation is given below.

• Chapter 5 describes the aspects of FE modelling. The general require-
ments of numerical study aimed for medicine purposes are formulated.
A detailed descriptions of the construction of axisymmetric and three-
dimensional models are given. First, a two-dimensional model resem-
bles the ones, proposed earlier (i.e. Kobayashi et al. (1971); Woo et al.
(1972a)), except for the complexity in its material behaviour. Second, a
three-dimensional model is created to capture non-symmetrical effects,
complex material behaviour and to analyse the sensitivity of the results
to the deviations in applanation. One of the crucial aspects for the
accuracy of IOPG measurements is the choice of suitable material de-
scriptions for the different parts of the eyeball.

• Chapter 6 contains the results, which are compared to give a clear indi-
cation on how accurate the GAT readings are, depending on the different
modelling approaches.

• Chapter 7 is a general discussion of the achieved results. The outcome
of each model is summarized, analysed and compared with clinical ob-
servations and previous theoretical studies.

• Chapter 8 contains conclusions and an outlook. It includes concluding
remarks and gives some suggestions for further research.

• An Appendix gives a glossary of biological and medical terms to make
text accessible to readers for whom the subject is new.
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Chapter 2

The Human Eye

The present study aims at numerical modelling of the corneoscleral envelope
and intraocular pressure (IOP) measurements of a human eye. This chapter
of the thesis is a short introduction to the basic anatomy of a human eye.
The goal is to familiarize the reader who has no background in biology with
some important features of ocular biomechanics that will serve further as a
basis for the derivation of the model and justification of accepted assumptions.
Special attention is paid to the morphology, structure and ultrastructure of
the cornea, because tonometric IOP is determined by the resistance of the
cornea to indentation. Only those elements which are considered relevant to
the understanding of this thesis are discussed in details.

2.1. General Anatomy

The eye is a complex sensory organ specialized for the gathering of visual infor-
mation, Moses & Hart (1987); Bron et al. (2001). The human eye is a special-
ized extension of the brain and the two are connected via the optic nerve. Each
eyeball (human eye) is located in the anterior orbit, surrounded by a fibrous
globe. The orbit or eye socket is a cone-shaped bony cavity which protects the
eye. The socket is padded with fatty tissue, allowing the eye to move easily.
This orbital fat together with the connective tissues and extraocular muscles
can be considered a supporting framework for the eyeball. In life it is soft,
through incompressible, and limited in displacement by the fibrous strands,
bands and ligaments which penetrate it, see Figure 2.1.

Human eyes are roughly spherical, filled with a transparent gel-like sub-
stance called the vitreous humour, with a focusing lens and an iris which regu-
lates the intensity of the light, entering the eye, see Figure 2.2. In humans, the
eye works by projecting images onto a light-sensitive retina, where the light is
detected and signals are transmitted to the brain via the optic nerve. Light
enters the eye from an external medium such as air or water, passes through

13
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Figure 2.1: Lateral (left) and top (right) views of the human eye in an eye socket.

Reproduced from http://www.eyedesignbook.com

the cornea, into the aqueous humour and is refracted by the lens. The lens
inverts it and projects an image onto the retina, whose photosensitive cells
trigger nerve impulses which travel to the brain.

The crystalline lens and the cornea represent the main focusing system of
a human eye. The cornea gives a larger contribution (about 2/3) to the total
refraction than the lens, but whereas the curvature of the lens can be adjusted
to ”tune” the focus, the curvature of the cornea is fixed. This variable lens con-
tribution is called accommodation and arises both from controlled changes in
curvature and thickness along the lens’s polar axis, mediated by ciliary muscle
contractions. The work concerning the biomechanics of human eye accommo-
dation has been performed for preceding Licentiate Degree, Ljubimova (2005).
The contents of the previous research and licentiate thesis on the mechanism
of visual accommodation is summarized in two following papers: Ljubimova
et al. (2005, 2008).

The eyeball consists of three concentric layers or tunics, whose names reflect
their basic functions: a fibrous tunic, consisting of the sclera behind and the
cornea in front; a vascular pigmented tunic, comprising the choroid, ciliary
body, and iris; and a nervous tunic, the retina, see Figure 2.2.
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Figure 2.2: Schematic diagram of the human eye. Redrawn from www.ma.utexas.edu

The Fibrous Tunic

The fibrous tunic is the outermost layer of eye tissue. It is a tough and in-
elastic corneoscleral envelope. It is composed of segments of two spheres of
different sizes. The cornea, its anterior sixth, is perfectly transparent and more
prominent than the posterior segment, the sclera, which is white and opaque.
Function: protection.
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The Vascular Tunic

The vascular tunic is the middle layer, also known as uvea. It consists of the
choroid, the ciliary body and the iris, which is perforated by the pupil. The iris
separates the anterior chamber in front from the lens, its suspensory ligament
and posterior chamber behind. Aqueous humour, secreted by the ciliary body,
flows into the posterior chamber, through the pupil and out of globe through a
drainage apparatus at the angle of the anterior chamber. The choroid contains
blood vessels that supply the retinal cells with necessary oxygen and remove
the waste products of respiration. The iris is the area of the eye where the
pigmentation of the choroid layer, usually brown or blue, is visible because it is
not covered by the sclera. The choroid gives the inner eye a dark colour, which
prevents disruptive reflections within the eye. Function: nutritive.

The Nervous Tunic

The nervous tunic is the inner sensory which includes the retina, that consists
of receptors and neurons and concerned with initial processing of visual in-
formation. Within the concavity of the retina, the vitreous body is filling the
space behind the lens and ciliary body, helping to maintain the shape of the eye
and occupying about 80% of the eyeball volume, Bron et al. (2001). Function:
visualization.

2.2. Descriptive Terminology

Anatomical terminology is used to describe the human body in general, as well
as its ocular structures and their movements. In 3D, three anatomical planes
representing the anatomical coordinate system are, frontal (coronal), sagittal
and transverse (horizontal) planes, see Figure 2.3. To describe location or di-
rection a special spatial terminology is used, Bron et al. (2001). Within the
sagittal plane, anterior means towards the front and posterior means towards
the rear. Anterior pole is a summit of the corneal curvature and posterior pole
is the centre of scleral curve, Figure 2.4(a). Anteroposterior planes passing thr-
ough the poles are meridia, conveniently numbered as the hours of the clock,
Figure 2.4(b):

• the sagittal (vertical) meridian divides the globe vertically from 12 to 6
o’clock; superior indicates towards 12 o’clock (up) and inferior towards
6 o’clock (down);
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• the horizontal meridian passes from 9 to 3 o’clock. Here nasal (medial)
refers to a location closer to 9 o’clock and towards nose, while temporal
(lateral) refers to a location closer to 3 o’clock and towards ear.

SAGGITAL

      PLANE

 FRONTAL

      PLANE

TRANSVERSE

          PLANE

Figure 2.3: Anatomical planes. Reproduced from www.yachigusaryu.com
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Figure 2.4: (a) The principal coordinates and planes of the human globe. (b) Frontal
plane: anatomical terminology
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2.3. Corneoscleral Envelope

Fibrous tunic is protecting the inner part of the eye. Since the present thesis
is dealing with intraocular pressure (IOP), which is the tension exerted by the
contents of the globe on the corneoscleral envelope, the structure and functions
of cornea and sclera are of major importance.

2.3.1. Cornea

The cornea must be transparent, refract light, contain the IOP and provide a
protective interface with the environment. Each of these functions is provided
by a highly specialized substructural organization, and in absence of vessels.

Figure 2.5: Layers of the Cornea. Reproduced from http://www.onset.unsw.edu.au

The main function of the cornea is optical; it contributes to the total refrac-
tive eye power, accounting for about 80% of it. Refractive requirements are
met by the regular anterior curvature of the cornea and the optically smooth
quality of the overlying tear film. The resistance of the cornea is mainly due
to its collagenous components. The corneal tissue is arranged in five layers,
starting from the outer layer and moving inward, they are: epithelium, Bow-
man’s membrane, the stroma, Descemet’s membrane and the endothelium, see
Figure 2.5.



2.3. CORNEOSCLERAL ENVELOPE 19

The Epithelium

The epithelium is the layer that covers the surface of the cornea. It is about
5–6 cell layers thick and filled with tiny nerve endings. That makes cornea
indeed one of the most sensitive tissues of the body and this sensitivity serves
a protective function. The epithelium blocks the passage of dust and germs and
provides a smooth surface that absorbs oxygen and cell nutrients from tears,
and then distributes these nutrients to the rest of the cornea. The basement
membrane is the part where the epithelial cells anchor and organize.

The Bowman’s Membrane

Bowman’s membrane, or anterior limiting lamina, lies directly below the base-
ment membrane of the epithelium, has a thickness 8−12 µm and is composed of
randomly oriented collagen fibrils. The difficult access to Bowman’s membrane
protects the cornea from injury. But once injured, it resiliently regenerates,
leaving a scar when the injury is deeper. The scar becomes opaque areas,
causing the cornea to lose its clarity.

The Stroma

Lying beneath Bowman’s membrane, the stroma is the thickest layer (about
500 µm), dominating the mechanical response of the cornea to injury and ac-
counting for 90% of its thickness. On a weight basis, the stroma is approxi-
mately 78% water, 15% collagen and 7% non-collagenous proteins, proteogly-
cans and salts, Maurice (1984).

The Microscopic Organization of Collagen

Transparency of the corneal stroma depends particularly on the degree of spa-
tial order of its collagen fibrils which are narrow in diameter and closely packed
in a regular array, Maurice (1957); Hart & Farell (1969). Different types of the
collagen present in the human cornea (I, III, VI, XII). By scanning electron
microscopy, it appears that the average diameter of collagen fibrils is highly uni-
form (about 31 nm), remaining constant across the cornea before rising sharply
at limbus. There is a significant increase in spacing from the central cornea
(about 57 nm) to the peripheral cornea (about 62 nm), followed by a much
larger increase at the limbus itself, Boote et al. (2003, 2005). The proteoglycan
matrix (also known as ground substance) is a gel-like substance, consisting pre-
dominantly of water. It is proposed that the proteoglycan composition of the
cornea is associated with the maintenance of a proper stromal ultrastructure,
Meek & Quantock (2001).
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The Macroscopic Organization of Collagen

The collagen in stroma also plays an important role on the macroscopic level,
where it confers shape and strength. The stromal fibrils are organized into
three hundred to five hundred flat bundles, or lamellae, which run uninter-
rupted from limbus to limbus like thin belts up to 0.2 mm broad and about
1 − 2 cm thick. Fibrils within a given lamella run approximately parallel, but
tend to make fairly large angles with those in adjacent lamellae, Figure 2.6.
Kokott (1938) was the first to describe this layering pattern. He studied the
organization of lamellae by inserting fine needles at various depths in stroma
and his proposed arrangement of stromal ultrastructure was later confirmed by
more modern means, Komai & Ushiki (1991); Radner et al. (1998). X-ray scat-
tering has unambiguously demonstrated that the majority of collagen fibrils in
the central cornea adopt a preferred orientation in the inferior-superior and
nasal-temporal directions, Meek et al. (1987); Daxer & Fratzl (1997). At the
central cornea adjacent lamellae are typically orthogonal (aligned at approxi-
mately 90o), leading to a mechanically efficient ”cross-ply” material similar to
a flexible glass-fibre.

Figure 2.6: Schematic diagram of the corneal stromal lamellae. Layers of lamellae
run at an angle to one another. The collagen fibrils within lamellae are approximately
parallel to each other. They are embedded in an extrafibrillar matrix and linked by
proteoglycan molecules. The direction of each lamellae is identified by the unit vector
A. Reproduced from Pinsky et al. (2005).
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Descemet’s Membrane

Descemet’s membrane is a thin but strong sheet of tissue, which has similar
mechanical properties as the lens capsule, Danielsen (2004); both represent
thick ocular basement membranes with a gradually increasing thickness with
age, Fisher (1969); Murphy et al. (1984). Descemet’s membrane plays an im-
portant role in corneal hydration and in the maintenance of the endothelium
after wounding and surgery, regenerating readily after injury. Considering its
thickness (∼ 10 µm) and unique composition, it may be speculated whether
Descemet’s layer has a specialized function, beside the function as a basement
membrane, that could be in mechanical support, filtration or liquid barrier,
Danielsen (2004).

The Endothelium

The endothelium is the extremely thin, innermost layer of the cornea. Endothe-
lial cells are essential in keeping the cornea clear. It pumps this excess fluid out
of the stroma, which has the danger of swelling with water. Once endothelium
cells are destroyed by disease or trauma, they do not recover. When a cell is
lost, the others enlarge to fill up the gap. Too much damage to endothelial
cells can lead to corneal edema (swelling caused by excess fluid) and blindness,
with corneal transplantation the only available therapy.

General Summary

Collagen gives the cornea its strength, elasticity and form. It accounts for
about 70% of the total dry mass of the cornea, the majority in fibrillar form.
The collagen’s unique arrangement and spacing are essential in producing the
cornea’s light-conducting transparency.

2.3.2. Limbus

The corneoscleral limbus is the junctional zone between the cornea and the
sclera, where they meet. The precise manner in which the cornea, limbus and
sclera fuse is complex and far from understood, Bron et al. (2001). There is
histological evidence supporting structural differentiation of sclera from clear
cornea, but anatomically it is difficult to determine exactly where the cornea
ends and the sclera begins. Transitional zone is approximately 1.5−2 mm with
its internal edge being called the corneal limbus and its external edge the scleral
limbus. Within the limbal zone, the orderly packing corneal collagen gives way
to the coarse interweaving of scleral fibres, and the fibril diameter increases
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markedly from the narrow range of fine fibril diameters in the cornea to the
broad range found in the sclera.

Figure 2.7: Schematic diagrams showing four possible arrangements of the integra-

tion between the preferentially aligned collagen in the central human cornea (inferior-
superior and nasal-temporal) and in the limbus. In (a) there are two separate pop-
ulations of fibrils, with the limbal fibrils forming a discrete annulus. In (b) and (c)
the collagen at the limbus forms an anchoring network by either running across the
limbus tangentially (b) or curving in and out of the limbus (c). In (d) the collagen
in the cornea bends near the periphery to form a circular annulus at the limbus.
Reproduced from Meek & Boote (2004).

Using synchrotron X-ray diffraction Newton & Meek (1998a) demonstrated
the presence of circumferential annulus of collagen fibrils located in the limbus
of the human eye. Since the preferred orientation of the collagen fibrils is
circular at the limbus, it is the weakest region in the corneoscleral envelope
by IOP pressure. From a consideration of the mechanics of the system it
seems probable that the purpose of this annulus is to help maintain the correct
curvature of cornea; this assumption is supported by studies on bovine tissue,
Reichel et al. (1989). Meek & Boote (2004) proposed microstructural models of
possible integration arrangements between the central cornea and the limbus,
Figure 2.7.
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2.3.3. Sclera

The sclera gives the eye most of its white colour. It is relatively avascular
and consists almost entirely of collagen, containing a lesser amount of ground
substance material than cornea. It is tougher than the cornea and protects the
intraocular contents from injury and mechanical detachment. Its mechanical
strength also serves to contain the IOP and at the same time prevents defor-
mations of the globe by resisting the stresses induced by contractions of the
extraocular muscles. The thickness of sclera is not uniform, being thinner in
females than in males. There is also increase in scleral thickness, together with
opacity in relation to age, Watson & Young (2004).

Cornea Sclera

Figure 2.8: Diagram of the interlacing of collagen lamellae in the corneal stroma
and sclera. Note the variation in collagen fibril diameter in the sclera compared with
regularity in the cornea. Reproduced from Bron et al. (2001).

Sclera is pierced by the optic nerve, forming a thin netlike lamina, the lamina
cribrosa. This structure provides support and anchorage for the optic nerve
fibres passing through it, and also reinforces the globe at its weakest point.
The bands of collagen bundles of the sclera are mostly parallel to the surface,
but they cross each other in all directions and may divide and reunite, see
Figure 2.8. Within each bundle the collagen fibrils are parallel and show wide
variation in diameter and spacing (ranging from 25–230 nm), which is distinctly
different from that of the cornea and account for the opacity of the sclera,
Komai & Ushiki (1991).
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Chapter 3

Intraocular Pressure, Tonometry
and Tonometers

Intraocular pressure (IOP) is defined as the difference between the pressure
inside the eye and the atmospheric pressure. The distribution of IOP within
the general population is in a range of 11−21 mmHg. This pressure is required
to maintain the proper shape and optical properties of the globe, Colton &
Ederer (1980).
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Figure 3.1: Aqueous flow. Redrawn from http://www.redyawning.com
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The aqueous humour is a clear fluid, which flows continuously in and out
of the chamber and nourishes nearby tissues. IOP is a function of the rate at
which aqueous humour enters the eye (inflow) and the rate at which it leaves
the eye (outflow). Aqueous humour produced by the ciliary body enters the
posterior chamber between the iris and the lens. The bulk of the aqueous then
flows through the pupil into the anterior chamber, reaches the angle and leaves
the eye via the trabecular meshwork, Figure 3.1. When inflow equals outflow,
a steady state exists and the IOP remains fairly constant, Brubaker (1982).

Although we speak of an individual eye as having a particular IOP, this
is merely a convenience, because IOP is constantly changing about ±1 mmHg
around a short-term mean pressure with the phases of arterial pulse, about
another ±1 mmHg with phases of respiration, and around a longer-term mean
pressure with time of day and season of the year, Bengtsson (1972). Local
changes of blood pressure, such as with bending over and straining, are reflected
rapidly in IOP, and local events, such as forcibly closing the eyelids, can elevate
IOP significantly, Moses & Hart (1987). IOP also depends on gender, age, heart
rate, etc. While the concept of normative pressure is widely accepted, clinically
there is no available method of determining normative IOP, and the practice
is to use conventionally termed ”normal” IOP based on a large number of
subjects, Shiose (1990).

3.1. IOP & Glaucoma

The intraocular pressure is a fundamental parameter of ocular health and dis-
ease, with major importance in the diagnosis and management of glaucomatous
conditions. The most common cause of chronically elevated IOP is a decrease
of trabecular outflow. If this state persists, glaucomatous condition may be de-
veloped. ”Glaucoma” is a generic term for a common group of ocular diseases
which, if untreated, can result in an irreversible loss of visual function, Fig-
ure 3.2. Unfortunately, nearly 50% of people with glaucoma may go undetected
until they have lost substantial vision. With the increasing risk of glaucoma
with age, this is especially important for the elderly population. Glaucoma is
the third leading cause of blindness in Caucasians, and the leading cause of
blindness in Africans, Hollows & Graham (1966). An inappropriate IOP linked
to damage to the neuronal tissue in the optic nerve head (i.e. lamina cribrosa),
is common to all forms of glaucoma, see Figure 3.3.

Although there is no threshold for IOP that causes glaucoma, on statisti-
cal grounds, a cut-off value of 21 mmHg is widely used to differentiate between
normal and abnormal intraocular pressures. The essence of glaucoma is not
an elevated IOP, since this concept does not explain normal tension glaucoma
(NTG), which appears when measured IOP is within normal range of values.
Other risk factors can lead to glaucomatous damage even in the face of a nor-
mal IOP. The hot topic at the present time is that of blood supply to the
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(a) (b)

Figure 3.2: Normal vision (a) and vision of a person with glaucoma (b). Without
treatment, people with glaucoma will slowly lose their peripheral vision. Reproduced
from http://www.maculacenter.com

(a) (b)

Figure 3.3: (a) Healthy optic disk and (b) glaucomatous disk. (b). In glaucoma
the optic nerve is damaged and the lamina cribrosa tends to bow outwards forming
a cupped optic disc. The cupping is enhanced by actual loss of nerve fibers and
capillaries. Information is gathered in the retina and not passing to the brain. This
results in visual field loss and when the visual field is damaged centrally, loss of visual
acuity.

eye and its regulation. Unstable blood pressure and dips are linked to optic
nerve head damage and correlate with visual field deterioration. A number
of studies suggest that there is a correlative, not necessarily causal, relation-
ship between glaucoma and systemic hypertension (i.e. high blood pressure),
McLeod et al. (1990); Hayreh (1996). The reduction in blood pressure during
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the night may also be an additional risk factor in glaucoma patients, Kamal &
Hitchings (1998); Graham & Drance (1999). Therefore, it is possible that both
hypertension and hypotension (i.e. low blood pressure) play a role in glau-
coma. Long-standing hypertension may cause microvascular damage, whereas
low systemic blood pressure may reduce local perfusion, particularly in the
present of existing IOP elevation or poor auto-regulation, Richler et al. (1982).

3.1.1. Types of Glaucoma

Normal IOP varies from person to person. And while one person may develop
nerve damage at a relatively low pressure, another person may have high eye
pressure for years and yet never develop damage (”ocular hypertension”). Ac-
cording to statistics, about 25% to 50% of people who have optic nerve damage
caused by glaucoma have normal IOP (i.e. less than 21 mmHg). One reason
for this is that once damage occurs to the optic nerve, it is more sensitive to
any rise in pressure. The IOP may need to be closer to the lower range of
normal to prevent further damage. Another reason is that there is a rare type
of glaucoma in which damage to the nerve occurs even though the eye pressure
is never above normal.

The two main types of glaucoma, which are marked by an increase of IOP,
are primary open angle glaucoma (POAG), and angle closure glaucoma (ACG).
POAG is the most common form of glaucoma, which develops slowly and some-
times without noticeable sight loss for many years. The patient rarely notices
the symptoms with open-angle glaucoma until relatively advanced stages of the
disease. By this point in the disease a patient may have irreplaceably lost a
large portion of their visual field. POAG affects 1−2 % of population in the age
over 40 years, most affected victims are persons of black origin, white people
older than 65, people with family history of POAG and persons with very my-
opic eyes, Team (2007). On the contrary, during ACG eye pressure rises very
quickly. This is an emergency condition and if treatment is delayed, eyesight
can be permanently destroyed. About 15% of the glaucoma cases reported in
USA fall into this category, Docshop (2007).

When optic nerve damage has occurred despite a normal IOP, this is called
low-tension or normal tension glaucoma, (NTG). This form of glaucoma, which
is being increasingly recognized, may account for as many as one-third of the
cases of glaucoma in the United States, Docshop (2007). The reasons for this
type of glaucoma still remain unknown.

Secondary glaucoma (SG) refers to any case in which another disease causes
or contributes to increased eye pressure, resulting in optic nerve damage and
vision loss. It can occur as a result of eye injury, trauma, inflammation, tumour
or in advanced cases of cataract or diabetes. It can also be caused by certain
drugs such as steroids.
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3.2. IOP & Refractive Surgeries

Ophthalmologists measure intraocular pressure level with different types of
tonometers. All these instruments measure IOP indirectly, relying upon cer-
tain biophysical assumptions and calibration (in mmHg) of the several varieties
of tonometers available. In other words, tonometric measurements which are
performed on the cornea, give the observer the reaction of ocular shells and
structures to the applied tonometric pressure. It was clear to earlier investiga-
tors that for derivation of desired initial intraocular pressure in an eye (IOPT,
i.e. before the application of the tonometer) from the measured values of IOP,
certain measurable physical parameter characterising the stretch behaviour of
the eye globe should be introduced. It was believed that this parameter is con-
stant, although different for different tonometers. Friedenwald (1937) is one of
the pioneers in the field of tonometry, who introduced the coefficient of ocular
rigidity. He described it as a ”measure of the resistance, which the eye exerts
to distending forces”, and developed a formula for its calculation. Many inves-
tigators attempted to determine this coefficient experimentally, (e.g. Grant &
Trotter 1955; Macri et al. 1957; Perkins & Gloster 1957; Prijot & Weekers 1959;
Ytteborg 1960; McEwen & Helen 1965), however, it was concluded that ocular
rigidity is not a constant in the physiological range of intraocular pressure.

The corneoscleral envelope is a complex non-linear soft tissue with pre-
cise structure and morphology that vary in individuals. All tonometers are
calibrated for the healthy average cornea, so the question arises about relia-
bility of tonometric readings in the cases when cornea is not average shape,
or unhealthy, or healthy but has altered structure, as after surgery. The an-
swers to these questions become increasingly important as new types of surgical
procedures to correct vision disorders are being explored and gain universal ac-
ceptance.

Nowadays, people who are suffering from different kinds of refractive dis-
orders (i.e. nearsightedness (myopia), farsightedness (hyperopia), or astigma-
tism) instead of wearing eyeglasses or contact lenses prefer to perform refractive
surgeries to restore their vision completely. With new technological advances
those surgeries are becoming an increasingly popular option. In a survey con-
ducted by HEW (Health, Education and Welfare) in 1974, it was found that
34% of individuals between ages 12 and 17 years were wearing correcting lenses.
The refractive errors affect approximately one third of persons 40 years or older
in the United States and Western Europe, and one fifth of Australians in this
age group, Kempen et al. (2004). Even assuming that only a few of these peo-
ple undergo refractive surgery, it is still a significant part of the population.
Hence, the accuracy of tonometric measurements for different types of corneas
is of crucial importance. It is also worth mentioning that a typical refractive
patient, being a myopic individual, has a higher risk for the development of
glaucoma over the course of his lifetime than one with normal vision, Mas-
tropasqua et al. (1992); Mitchell et al. (1999). This poses a dilemma for the
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ophthalmologists who are concerned with the proper diagnostics and treatment
of glaucoma, since all presently performed refractive surgeries alter the ocular
tissue in various ways, depending on the desired outcome. That, if not changes
the real IOP, but may lead to inaccurate tonometer readings.

The object of refractive procedures is to change the refractive state of the
eye by changing the shape of cornea. In the following we review the most
common refractive surgeries carried out today to find out how each of them
alter the cornea in order to achieve 100% vision.

The Biomechanical Response of Cornea

The cornea is not mechanically inert. It may be conceived as a series of stacked
rubber bands (lamellae) with sponges between the layers (interlamellar spaces
filled with extracellular matrix), Roberts (2002). In the pre-operative condi-
tion, these rubber bands are in tension because the ends are held tightly by
the limbus and the intraocular pressure pushing them from underneath, Fig-
ure 3.4 (top). The IOP tension is distributed across all the corneal stromal
lamellae, rather than being borne primary by the anterior and posterior layers,
Eliason & Maurice (1981); McPhee et al. (1985). The IOP manifests both as
a centripetal force and as lamellar tension to counteract the stromal swelling
pressure. Cohesive forces between lamellae provide further resistance to expan-
sion of the interfibrillary space during swelling, Smolek (1993).

Because corneal lamellae are permanently severed either by incisions or by
the microkeratome and the laser, an alteration to the resistance of the cornea
to indentation would be expected and biomechanical integrity of the cornea
is compromised, Jaycock et al. (2005). After myopic laser refractive surgery,
the series of lamellae are cut and the remaining peripheral segments relax.
With the reduction of tension, the squeezing force on the matrix is reduced
and the distance between the lamellae expands, resulting in peripheral stromal
thickening, Dupps & Roberts (2001). Because the central portions of these
lamellae comprise the new anterior surface, there is resulting central flattening,
Figure 3.4 (bottom).

3.2.1. Types of Refractive Surgeries

Refractive keratoplasty is a generic term, which includes all surgical procedures
on the cornea to improve vision by changing the shape of the corneal sur-
face. Refractive keratoplasties can be broadly subdivided into keratotomies,
i.e. corneal incisions; keratectomies, i.e. removal of corneal epithelium; and
keratomileusis, i.e. reshaping a stromal layer of the cornea.
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Figure 3.4: A conceptual model that predicts biomechanical central flattening as a
direct consequence of severed corneal lamellae during the refractive surgery. Redrawn
from Dupps & Wilson (2006).

The most well known surgeries are radial keratotomy (RK), photorefractive ker-
atectomy (PRK), laser-assisted in situ keratomileusis (LASIK), laser thermal
keratoplasty (LTK) and intrastromal corneal rings (ICR). In the early 1990s,
the manual incision of the external surface of the cornea (RK) reached high
levels of success but, at the same time, more reliable laser techniques, such as
LASIK and PRK, started to be applied to the refractive surgery. Nowadays,
PRK and LASIK are the most common refractive procedures, Duffey & Leam-
ing (2005). Additionally, ocular implants are now commercially available for
the treatment of mild myopia.

Radial Keratotomy (RK)

In the past, RK was carried out to treat patients with myopia. A number of
microscopic corneal incisions in a radial or spoke-like pattern is performed by
the surgeon which allows the outer cornea to relax and the central cornea to
flatten, Figure 3.5. The new shape of the cornea is permanently retained as
cornea heals.
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Figure 3.5: Radial keratotomy (RK). (Top) Partial-thickness incisions of the cornea.

(Bottom) Compensatory flattening of the central cornea. Reproduced from Bower
et al. (2001).

There were quite a lot of potential serious complications, such as loss of best-
corrected vision acuity, perforation of the cornea, infection and rupture of the
globe. Some of the major concerns with this procedure relate to the signifi-
cant corneal instability induced by the surgery, including diurnal fluctuation
of refractive error, overcorrection, hyperopic shift and potential rupture of the
globe with blunt trauma, Filatov et al. (1997); Bower et al. (2001).

The Excimer Laser Procedures

RK has declined in popularity since 1995, when the excimer laser, used to
perform PRK and LASIK procedures, was approved. Laser emits an ultraviolet
beam that has sufficient energy to break intermolecular bonds within the cornea
(photoablation). The beam is so accurate that it can cut notches in a human
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hair. Because little or no thermal damage occurs to adjacent tissue, this is
often referred to as a ”cool” laser beam. A computer, programmed with the
patient’s refraction and corneal topography, controls the laser beam to precisely
remove corneal tissue. In myopia, the central cornea is flattened to decrease
its focusing power. In hyperopia, the central cornea is steepened by the laser
indirectly by removing tissue from the periphery, Figure 3.6. Astigmatism is
treated with an elliptic or cylindrical beam that flattens the steepest corneal
meridian.

a b

Figure 3.6: Steps during the keratomileusis during a) myopia; b) hyperopia. A
predetermined amount of cornea is removed from underneath the flap. Reproduced
from Dronov (2001).

Photorefractive Keratectomy (PRK)

PRK uses short-wavelength radiation from an excimer laser to ablate the cen-
tral 4−7 mm diameter of the cornea, thereby changing its curvature and thick-
ness and altering the refractive state of the eye. It has been performed since
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the late 1980s but due to the development of LASIK, it is now mainly used for
correcting low-to-moderate myopia and hyperopia without astigmatism. The
corneal epithelium in the ablation zone is first removed or pushed to the side
and the laser treatment is then applied to the exposed corneal stroma, Seiler &
McDonnell (1995). During the early postoperative period, patients may experi-
ence significant tearing, photophobia, blurred vision and discomfort because of
the central corneal ablation. Vision acuity improves once the epithelial defect
heals – usually within one week after surgery. It typically fluctuates following
surgery before stabilizing at around three months postoperatively. Glare and
dry-eye symptoms are common during the first month following surgery but
usually diminish or disappear entirely by three to six months postoperatively.

Laser-Assisted in Situ Keratomileusis (LASIK)

Laser in situ keratomileusis (LASIK) is a technique in which the epithelium
and Bowman’s membrane are cut but not ablated. The procedure begins with
the physician making a corneal flap about the size of a contact lens using a
microkeratome, Figure 3.7. Following this, the excimer laser is used to ablate
a precise amount of corneal stroma, and the flap is irrigated and placed back
in its original position. The corneal flap is stabilized without sutures by the
relative corneal dehydration created by the endothelial pump. The stability
of the corneal flap and adherence to the corneal stroma is checked following
surgery, and patients are usually sent home with topical antibiotic, Dronov
(2001).

Figure 3.7: Laser-assisted in situ keratomileusis (LASIK) microkeratome. The mi-
crokeratome is used to shave a thin layer of the cornea, creating a hinged ”flap.” A
predetermined amount of cornea is removed from underneath the flap. Reproduced
from Bower et al. (2001)
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Differences in PRK & LASIK

LASIK does not produce stromal haze. It is safe and effective in treating both
eyes on the same day, provides quick recovery of vision and causes little pain.
PRK, on other hand, is usually performed on two separate days and does not
preserve the original epithelium and Bowman’s membrane, Figure 3.8. At one
year postoperatively, patients who have undergone the LASIK procedure are
more satisfied than patients who have undergone the PRK procedure (90%
versus 52%, respectively), El-Maghraby et al. (1999). Nevertheless, despite the
different surgical techniques of PRK and LASIK, the refractive outcomes are
similar, see Table 3.1.

Figure 3.8: Differences in PRK & LASIK. A – normal cornea consists of five layers:

a) epithelium, b) Bowman’s membrane, c) stroma, d) Descemet’s membrane, e) en-
dothelium; B – cornea after PRK, Bowman’s membrane is removed; C – cornea after
LASIK, all layers presented. Reproduced from Dronov (2001)

Epikeratoplasty (Lamellar Keratoplasty)

Epikeratoplasty is a surgery which represents the transplantation of a button
of a donor cornea to a living person on the anterior part of the cornea after re-
moving epithelium, Olson & Kaufman (1978). The operation involves suturing
a donor cornea onto the surface of the recipient’s cornea. A microkeratome is
used to remove a layer of the patient’s cornea and the donor cornea is sutured
into the keratectomy bed, Figure 3.9. This surgery has been proposed as a
means of correcting adult and pediatric aphakia, keratoconus and myopia. As
a treatment of myopia, this technique has been largely abandoned because of
its lack of predictability and poor optical results, Kirkness & Ficker (1992).
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Table 3.1: Results of PRK vs. LASIK at 12 months∗

Procedure UCVA

efficacy

of 20/20 (%)

UCVA

efficacy

of 20/40 (%)

Predictability

within one

diopter (%)

Satisfaction

(%)

PRK 53 − 86 94.4 − 98.1 87 − 94.4 52

LASIK 67 − 83 97 − 100 90 − 98.7 90

∗ — Among many different studies, the refractive outcomes of PRK and LASIK vary

greatly for patients with mild myopia (zero to -3.00 diopters), moderate myopia (-

3.25 to -6.00 diopters), high myopia (>-6.00 diopters), low hyperopia (zero to +3.00

diopters), and moderate hyperopia (+3.00 to +6.00 diopters) with and without astig-

matism. Information from Shah et al. (1998); El-Maghraby et al. (1999); McDonald

et al. (1999); Pop & Payette (2000). There ”UCVA means ”uncorrected vision acuity”.

ba

Figure 3.9: Epikeratoplasty. a) Layer is removed and keratectomy bed is prepared

on the recipient’s cornea; b) implant is placed into keratectomy bed and fixed with
sutures. Reproduced from Dronov (2001).

Penetrating Keratoplasty

Penetrating keratoplasty is a type of corneal transplantation for the patients
with corneal endothelial damage. In these patients epikeratoplasty is not an
issue and a full thickness of the cornea should be used. The refraction effort
usually achieved by the modelling the shape of the transplant, Figure 3.10.

Laser Thermal Keratoplasty (LTK)

LTK is performed using the noncontact Holmium: YAG laser, Deutsch et al.
(2003). The ophthalmologist uses the laser to symmetrically place radial spots
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Figure 3.10: Penetrating Keratoplasty. Reproduced from Dronov (2001).

that are outside the visual axis. This heats the cornea, resulting in stromal
collagen shrinkage, thus modifying the anterior corneal curvature. LTK is used
to treat patients with a hyperopic refractive error of up to +4.00 diopters who
have become presbyopic and have no ocular pathology. LTK is safe, effective
and provides satisfactory correction of low hyperopia with minimal complica-
tions.

Figure 3.11: Intrastromal corneal rings (ICR). Reproduced from Bower et al. (2001).

Intrastromal Corneal Rings (ICR)

Intrastromal corneal rings, i.e. intacs is a recent corneal ring prescription
insert that is entirely reversible. Thus, patients who elect to have ICR are
not ”locked in” to the procedure forever, as are patients who undergo other
refractive procedures such as LASIK and PRK. Results of preliminary studies
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indicate that ICR is a promising option in correcting myopic refractive errors
of less than -3.00 diopters, Nose et al. (1996). During this procedure, the
ophthalmologist places a polymethylmethacrylate ring into the periphery of
the cornea at about two thirds of its depth. The ring causes the cornea to
flatten, thus correcting the refractive error, Figure 3.11.

Conclusions

Corneal changes after refractive surgeries are expected to affect the accuracy
of tonometry and indeed the underestimation of postoperative IOP has been
observed by different tonometers and in different studies, Schipper et al. (1995);
Mardelli et al. (1997); Fournier et al. (1998). IOP monitoring and the reliability
of the tonometer used for the IOP measurements after the surgery are clinically
important.

3.3. IOP & Tonometry

The relevance of the IOP as a key parameter in the clinical diagnosis and the
postoperative management of several conditions and diseases occurring in the
eye requires that intraocular pressure evaluation is carried out fast and accu-
rately. The most exact technique to measure IOP is direct cannulation of the
anterior chamber of the eye, with a needle connected to a manometer. Obvi-
ously, such a procedure cannot be performed on a living human. The measure-
ment of IOP by a non-invasive device (a tonometer) is defined as tonometry,
which involves applying a force against the cornea, which produces a measur-
able distortion of the globe. A number of tonometers based on this principle
have been introduced into clinical practice. In the following we give a short
review on the historical developments of tonometry, methods of measuring IOP
and prototypes of modern tonometric devices. We briefly consider advantages
and common sources of errors associated with the use of different tonometers.

Although tonometry is an essential clinical procedure for evaluating IOP,
a general scepticism about the accuracy of the readings provided by tonometer
should be kept in mind, since tonometry will give just an estimate of the true
IOP, an approximation to the real value. Various constructed tonometers tried
to overcome these difficulties and whether they succeed to achieve this goal
and produce accurate IOP readings for all patients is the question we try to
address in the present chapters.

3.3.1. Historical Development of Tonometry

It should be noted that three strands weave through all the history of tonom-
etry: (1) the impossibility of measuring the pressure in the undisturbed globe,
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(2) the variable nature and flexibility of the ocular coat, and (3) the search for
the true intraocular pressure P0 in the eye before tonometer application, by
extrapolation from the measured tonometric pressure Pt.

The rough judgement about the size of IOP can be given by the digital
tonometry, i.e. palpation, which is performed by pressing the fingertips on the
eyelids of both eyes, according to the method, proposed by W. Bowman in 1826.
However, the palpation requires some experience, cannot be standardized and
is not objective, Baum et al. (1995).

The mechanical tonometry was first introduced in the late 1800s, and,
although Albrecht von Graefe is credited with the first attempts to create de-
vices that mechanically measured IOP, his proposed instruments were neither
designed nor built. Rather, it was Donders who designed the first instrument
capable of estimating IOP. The principle behind Donders instrument was to
displace intraocular fluid by contact with the sclera, Norris (1897). Ophthal-
mologists first measured the curvature of the sclera at the site of contact and
then used the measurement as a reference plane to measure the depth of in-
dentation produced by the tonometer. Later this technology was refined and
the discovery of cocaine by Carl Koller in 1884 led the way to corneal im-
pression tonometry. Using corneal anaesthesia, corneal tonometry became the
definitive choice for IOP measurement because it offered a well-defined and
uniform site of impression. However, the indentations left by the first tonome-
ters were relatively deep, displacing lot of eye fluid and hence readings were
highly inaccurate. It was necessary to minimize the deformations to record
the IOP. The breakthrough came in 1867 when Adolf Weber designed the first
applanation tonometer that gave a highly defined applanation point without in-
dentation. After two decades of skepticism, the value of applanation tonometry
was re-discovered when Alexei Maklakoff introduced new version of applanation
tonometer, the first generally accepted mechanical device for IOP evaluation,
Kirstein (2006).

3.3.2. Maklakoff’s Tonometer

A treatise on tonometry was written by Maklakoff (1885). He proposed a new
tonometer and that was a foundation of the whole applanation tonometry.
Although Maklakoff tonometer did not gain much acceptance in the west and
was largely replaced by Schiøtz indentation tonometer in 1905, in Russia it is
still universally accepted as a main tonometric instrument for measuring IOP.
The Maklakoff tonometer represents a constant force applanation tonometer,
where IOP is determined by measuring the area of the cornea flattened by a
known weight. The simplest version of this method consists in loading the
cornea by means of different flat-bottomed weights (5, 7.5, 10 and 15 g) with
a tip surface, coated in a special dye solution. Various weights also enable a
measure of ocular rigidity. The tonometer is rested briefly on the cornea on the
lying patient, and dye film is disturbed in a circular area, since the cornea is
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almost spherical. The wet spot on the tip is transferred to special paper, and
the diameter of the area is measured with a help of special tables attached to the
instrument. Knowing the tonometer weight, pressure is calculated, Figure 3.12.

(a) (b)

Figure 3.12: Modern applanation tonometer of Maklakoff type. (a) Cornea leaves

its imprint on thin film of dye spread on flat base of tonometer. (b) Imprint is
transferred to special paper. Reproduced from Moses & Hart (1987). (Courtesy Dr.
Adolph Posner and Mr. Richard Inglima)

In general, this instrument is not corrected for Fick-Imbert law shortcomings.
Nevertheless, a major work on the calibration of this tonometer has been car-
ried out with reasonable success and Maklakoff’s IOP readings are considered
clinically useful, Vurgaft (1965); Nesterov & Vurgaft (1972). The tonometer
has certain advantages when compared with Schiøtz device: it is safer, since
the dye film is non-septic; it does not have any joined parts, thus absence of
friction; it is easy to standardize and calibrate; it is inexpensive to the point of
being almost disposable.

3.3.3. Schiøtz Tonometer

Schiøtz tonometer is a principal prototype of all tonometers of indentation
class, Figure 3.13. Its introduction in 1905 largely replaced Maklakoff-type in-
struments. The ocular pressure was measured by the distance a plunger sank
into the globe under the assumption that the resulting force is balanced by the
pressure inside the eye. The distance was transmitted and magnified by a lever
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system to a graduated scale. Originally calibration was a comparison to artifi-
cial eyes and manometrically manipulated dead eyes. Römer (1918) described
the method of using these tonometers of different weights and adjusting the
received depth of plunger, to extrapolate back to the zero plunger displace-
ment. The depth and the volume of corneal indentation are dependent on the
IOP and the extensibility of the ocular walls. Since the degree of distension is
constant (scleral or ocular rigidity, E), it can be calibrated to obtain the true
IOP. The E value can be determined by performing two scale readings with
two plunger loads. Using the Friedenwald nomogram and conversion tables, an
approximate IOP value is obtained. Much effort was expended in calibration
of this tonometer, (e.g. Friedenwald 1957; Moses 1971) and tonography was a
by-product, Grant (1950).

Figure 3.13: Schiøtz indentation tonometer. Reproduced from Kirstein (2006).

It should be noted that additional forces appearing on the border of indentation
depend on the elasticity of the tissue, i.e. ocular rigidity. But E not only
varies from individual to individual, but can also be modified by high myopia
or hyperopia, vitreo-retinal surgery, keratoconus or steep, thick or irregularly
contoured corneas. Practically, it introduces the unavoidable source of error
that exists only in the impression tonometry. Also, if the indentation is retained
for longer than necessary, fluid from the eye may escape and the pressure inside
it may decrease from its original value. Repeated readings may reduce the
IOP readings as well (tonographic effect). In spite of all these shortcomings,
the indentation tonometer offers several advantages. Instrument is simple,
relatively cheap and reliable. Contrary to the applanation tonometry it is easy
to measure the depth of indentation directly on the eye. These factors made
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a Schiøtz tonometer a very popular IOP measuring device for the first half of
the 20th century.

3.4. Modern Tonometers

All modern tonometers are based on the same principles as Goldmann appla-
nation tonometer (GAT), described below. The only major difference lies in
the way the exact contact area is defined.

3.4.1. Goldmann Applanation Tonometer

Introduced in 1955, the Goldmann tonometer was the first example of a variable
force applanation tonometer, Goldmann (1955). Nowadays Goldmann-type
applanation tonometry is the most common way to measure IOP in Europe
and USA. It is believed to be the most reliable and accurate tonometer; thus,
it is used as the standard against which other tonometers are evaluated. This
type of tonometry is often utilized to measure IOP after a simple screening test
(such as non-contact tonometry) has indicated increased IOP.

(a) (b) (c)

Figure 3.14: Tonometers – hand-held and slit-lamp mounted: (a) Goldmann

applanation tonometer (GAT) and (b) Perkins tonometer. Reproduced from
http://www.haag-streit-usa.com. (c) Side view on examination using GAT types
of tonometers. Reproduced from http://www.eyeinstitute.net.

There are two truly great innovations introduced with this tonometer. First
of all the deforming forces are reduced to about a quarter of those in use at
the time. The Maklakoff, Schiøtz and Römer prototypes are about 10 g weight
and more. The displaced volume in tonometry is thus markedly decreased,
allowing for more sensitive measurements. Since the volume displaced by the
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applanation is about 0.05µl and the IOP increment during tonometry is neg-
ligible (3%), no correction for the individual ocular rigidity is necessary. The
final and constant flattened area is chosen to have a diameter of 3.06 mm and
a normal central corneal thickness (CCT) of 0.52 mm, so the readings are only
little affected by the approximations in Imbert-Fick law over the normal range
of IOP, Hansen (1971). This area of contact allows ophthalmologists to convert
IOP in millimeters of mercury by multiplying the reading on the dial by 10, pro-
viding a straightforward reading of the measured IOP. The second innovation
is that the force is delivered horizontally for observation under magnification
with a slit lamp, making the GAT an optical applanation tonometer.

Since the GAT is the most popular tonometer, its working mechanism is
worthy of more detailed description. The examiner is aided by various optical
devices that help to determine the flattened area accurately. Tear meniscus is
distinguished from flattened cornea by staining the tears with fluorescein. The
force, applied by a tonometer tip, is adjusted until the observer is satisfied with
the pattern produced by the visible fluorescence of the precorneal tear film. It
is controlled by prisms in the optical path, breaking the circle of fluorescein
around the flattened cornea and displace the galves a fixed amount. When
the inner side of the split circles touch each other, the force necessary for this
degree of applanation is measured, Figure 3.15.

TOO SMALL TOO LARGE STANDARD

Figure 3.15: Patterns observed by the examiner. These are tear meniscus arcs, they
are seen as yellow-green arcs against a blue background. First and second figures
represent incorrect applanation area. Redrawn from Moses & Hart (1987).

It is also generally assumed that Goldmann tonometry is equally accurate in
all eyes and is not influenced by ocular parameters such as corneal thickness
and radius of curvature. Nowadays this assumption is increasingly being called
into question, Brubaker (1999); Kohlhaas et al. (2006). The evaluation of IOP
is subjective and the method has some flaws and restrictions. For example, the
instrument, as a routine, can be used only in sitting posture, its portability is
extremely restricted since it has to be used along with a slit lamp, and it is
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incapable of recording pressure in oedematous corneas. The detailed drawbacks
which limit the utility of GAT are further discussed below.

3.4.2. Variable Force Applanation Tonometers

Hand-held Portable Tonometers

The Perkins and Draeger tonometers may be considered as a portable version
of the GAT, allowing measurements to be taken in any position, in particular
during anaesthesia. It uses the same prisms and test standards as the GAT,
see Figure 3.14 (b).

Electronic Tonometers

The MacKay Marg tonometer is a recording electronic applanation instrument,
that may be called a tonometer with ”composite” applanated areas. This type
of tonometric measurements may be performed in any position (lying or sitting)
and is particularly useful for patients with corneal disease and irregular corneal
surfaces due to edema or scarring. In these patients, the optical applanation
tonometry cannot be accurately used, producing a grossly misleading results,
Kauffman (1972). MacKay Marg tonometer offers another alternative, corre-
lating exceedingly well with the true measurements of IOP, Kauffman et al.
(1970); McMillan & Forster (1975).

Figure 3.16: MacKay Marg electronic tonometer. Tonometer probe and cornea

(grossly exaggerated). Left, Plunger supports both IOP and spring force of cornea.
Center, Corneal bend is supported by footplate, and force by plunger decreases. Right,
As tonometer is advanced, displaced aqueous raises IOP. Redrawn from Moses & Hart
(1987).

It consists essentially of a plunger, 1.5 mm diameter, mounted on a spring pro-
truding 10µm through a plane footplate, Figure 3.16. When the tonometer is
advanced against the cornea, the plunger at first supports IOP plus corneal
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bending force. The applanated area increases until the corneal bend is sup-
ported by the footplate. At this time, force on the plunger is decreased and
there is a notch in the force record. The lowest level of the notch is taken as
measure of IOP, while movement of the plunger is monitored by a transducer
and recorded on paper. Several readings can be performed and averaged. To
prevent cross infection, the tonometer probe is covered by a disposable rubber
cover.

The Tono-Pen is a portable electronic, digital pen-like instrument, that
uses similar principles as the MacKay-Marg tonometer, Iester et al. (2001).
The Tono-Pen gently contacts the cornea, and displays the average after four
to ten independent readings, along with a statistical coefficient.

When compared with Goldmann tonometry, IOP values measured by the
electronic tonometry are slightly higher and can be more variable, Frenkel et al.
(1988); Rootman et al. (1988). The ProTon tonometer shares measurement
principles with Tono-Pen, but has a higher level of accuracy than the former,
Midelfart & Wigers (1994). Thus, nowadays it is the most used electronic
tonometer.

Contact Pneumatonometers

In 1968, a team of workers headed by M. E. Langham developed another
rapid acting applanation tonometer, called applanation pneumatic tonometer
or pneumatonometer, Langham & McCarthy (1968). This instrument is a com-
bination of a pneumatic and an electronic system. The pneumatonometer has
a pressure-sensing device that consists of a gas-filled chamber covered by a
silicon diaphragm. The gas in the chamber escapes through an exhaust vent.
As the diaphragm touches the cornea, the gas vent is reduced in size and the
pressure in the chamber rises. When the tip of the sensor is applanated to the
cornea, the gas flow is restricted and a pressure increase is affected, which con-
tinues to increase until it is equal to IOP. The working principle of a pneumatic
tonometer is shown in Figure 3.17 (a). It is transmitted to the electronic sys-
tem which displays the pressure level of the eye. The corresponding amplified
amplitude of ocular pulse can also be precisely recorded with this instrument.
Because pneumatonometer applanates only a small area of the cornea, it has
the advantage of measuring the IOP in the presence of corneal scars, corneal
edema or when only a small portion of the cornea is visible. It also can be used
in any posture, is easily portable, does not require the aid of a slit lamp or
the use of fluorescein, Moses & Grodzki (1979). In addition, in patients with
neurotrophic corneas, it is possible to measure the IOP with minimal distur-
bance of the epithelium. The pneumatonometer readings correlate well with
GAT, Eisenberg et al. (1998), although they have generally been found to be
statistically higher like in all electronic tonometers, Jain & Marmion (1976).
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(a) (b)

Figure 3.17: (a) Working principle of applanation pneumatonometer; (b) Self-
measurement of IOP using the transpalpebral tonometer. Reproduced from Naruse
et al. (2004).

3.4.3. Transpalpebral (Diaton) Tonometers

Transpalpebral (Diaton) tonometry measures intraocular pressure through the
eyelid, see Figure 3.17 (b). It is regarded as a simple and safe method of
tonometry, since no contact with the cornea, and, hence, no anaesthesia or
sterilization are required. The risk of infection is very low. Compared with
the current standard of GAT, it has been found that transpalpebral tonometry
shows more variability in measured IOP, producing statistically lower values,
Troost et al. (2005); Jagt & Jansonius (2005). As different examiners could po-
sition the instrument differently, this eyelid tonometer is suggested for screening
purposes only, Lam et al. (2005). Use of transpalpebral tonometry may be rec-
ommended for patients, to whom GAT is not applicable, for example children,
those with corneal pathology and those who have had corneal surgery, Nesterov
et al. (2003).

A new type of transpalpebral tonometer is reported by Fresco (1998) and
is called pressure phosphene tonometer (FPT). It functions by visualizing a
phosphene after putting pressure on the upper eyelid. It was thought that FPT
was more useful in measuring IOP in patients with changes in corneal shape,
such as LASIK and PRK, since CCT and corneal curvatures were considered to
be constant, Naruse et al. (2004); Cheng et al. (2005). However, some studies
report low accuracy and reproducibility of FPT in comparison with GAT, Chew
et al. (2005).

3.4.4. Noncontact Tonometers (NCT)

The noncontact tonometer (NCT) is an applanation tonometer, which works
on the principle of a time interval, Grolman (1972); Forbes et al. (1974). It has
an advantage of eliminating mechanical contact with the eye, other than by jet
of air and is also called ”air-puff” tonometer or noncontact pneumatonometer.
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Noncontact tonometry does not use eye-drops to numb the eye, and, hence
could be used as a simple way to screen for high IOP and to test children.
The instrument estimates the IOP from the change in the light reflected off
the cornea as it is indented by the air puff, Moseley (1995). The maximum
of light reflected to a sensor occurs at the point of applanation. The time
taken is recorded and computed by the instrument to produce a reading of
ocular tension in mmHg. Because the air-puff tonometer relies on corneal
applanation, it is subjected to the same potential measurement errors as the
GAT, Zadok et al. (1999). An additional source of error in NCT measurements
is that IOP is determined at a single very brief instant in time (1−3 ms), while
IOP can pulsate considerably over time as the choroid fills with blood and then
empties in concert with the cardiac cycle. Instantaneous fluctuations may occur
and it is recommended to do at least three readings for each eye, calculating
the average. It is suggested that NCT is reliable for measuring IOP within the
normal range, but this instrument is limited by abnormal cornea and decreasing
reliability in higher pressure range, Shields (1980); Menage et al. (1994). It is
also less portable and more expensive than many other tonometers.

3.5. Sources of Error in Tonometry

There are numerous sources of error that may significantly influence the accu-
racy of a Goldmann-type applanation tonometer. Different tonometers have
their own advantages and disadvantages. For example, optical principle of
GAT is sensitive to corneal scarring, edema and astigmatism; Tono-Pen tends
to overestimate at low and underestimate at high IOP, while it is useful for
irregular corneas; NCT is strongly influenced by CCT, but does not require
any anaesthesia, Tonnu et al. (2005), etc. Table 3.2 summaries all the errors
and their possible ranges. The table is divided into two parts, where the first
part consists of the manufactured and procedure errors, and the second part
contains errors associated with the corneal properties. In the following, the
second part is considered in more details.

3.5.1. Central Corneal Thickness (CCT)

Central corneal thickness (CCT) appears to play an important role in the exact
measurement of intraocular pressure and in the diagnostic assessment of glau-
coma. Since corneal swelling pressure depends on IOP, the corneal thinning is
likely to appear with increased IOP, while decreased IOP tends to cause corneal
thickening. The influence of these pressure-induced changes on the accuracy of
applanation tonometry is unknown. However, the effect of the baseline corneal
thickness on the accuracy of GAT has been studied quite intensively.
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Source of Error Range of Error

(mmHg)

Surface tension of the tear film [0 ; +2]

Excessive/insufficient tears [-0.35 ; +4.6]

Absence/concentration of fluorescein [-1.5 ; -9.5]

Contact lens/foreign body inaccurate

Arterial/venous pressure

tight clothing overestimation

breath-holding inaccurate

Muscle contraction

lid closure, blinking [+2 ; +4]

accommodation [-0.35 ; -4.5]

eye position [0 ; +10]

Tonometer contact with lash/lid overestimation

Duration of tonometer-eye contact [-2 ; 0]

Accuracy of calibration [-2 ; +2]

Biostatistics of tonometry i.e. fluctuation

with pulse, respiration, blinking

[-2 ; +2]

Effect of number of tonometer contacts

with the eye

[-2 ; -4.6]

Applanation of paracentral cornea minimal

Applanation with paracentral tip overestimation

Properties of the cornea

corneal thickness [-6.2; +24]

corneal curvature [-1.5; +1.5]

regular astigmatism [-2.5; +2.5]

corneal edema/scars inaccurate

Table 3.2: Possible sources of error in GAT and their range, Whitacre & Stein (1993)

Numerous clinical studies have verified that corneal thickness shows systematic
differences in different forms of glaucoma, Herndon et al. (1997). When com-
pared to normal eyes, patients with glaucoma have a decreased CCT, Ehlers &
Hansen (1974), whereas patients with presumed ocular hypertension are found
to have increased CCT, Argus (1995); Bron et al. (1999).

The possible impact of the corneal thickness on IOP readings was identified
and briefly discussed by Goldmann & Schmidt (1957). They believed that
significant variations in CCT were uncommon and assumed a corneal thickness
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of 0.50 mm in calibration of the applanation tonometer. In manometric studies
it was observed that thin corneas produce falsely low pressure readings and
thick corneas cause measured IOP to be too high, while GAT readings were
accurate at CCT of 0.52 mm. In was also found that mean error induced by
CCT varied with the IOP, being lower at low IOP and vice versa. At a true
IOPT of 20 mmHg, Ehlers et al. (1975a), calculated a mean underestimation
of 5.2 mmHg that was given by applanation tonometry in eyes with CCT of
0.45 mm, and an overestimation of 4.7 mmHg that was found with CCT of
0.59 mm. This is a span of 9.9 mmHg in the tonometer reading for the same
IOPT which corresponds to 0.71 mmHg change per 10 µm change in CCT.
Similar results were received with the Perkins tonometer (Whitacre et al. 1993),
and with ultrasound pachymetry, which is believed to be more reliable than
optical measurements, Herman et al. (2001). Recep et al. (2001), by utilizing
noncontact tonometry, applanation tonometry and pachymetry, came to the
conclusion that the reliability of tonometric readings decreases with increasing
CCT, especially for NCT.

The mentioned manometric studies do not only demonstrate the large range
of error in GAT, but this error span can be used to extrapolate the varying
resistances to deformation found in various corneas. The indirect measure
of the average cornea resistance to indentation was calculated by Schwartz
et al. (1966), who reported that the surface tension forces on the tonometer tip
were about 4.15 mN. If we assume this value, it would be expected that the
maximum underestimation found in GAT is no greater than this force (about
4–5 mmHg), while there would be no upper limit to the overestimation that
could be produced by suitably thick cornea, as demonstrated by Johnson et al.
(1978), who found a 24 mmHg overestimate of the IOP in an eye with thickened
cornea, Table 3.2.

The study by Wolfs et al. (1997) revealed a population with a mean CCT
of 0.537 mm, Bron et al. (1999) reported an average CCT of 0.545 mm, while
a recent meta-analysis approach resulted in CCT of 0.534 mm, Doughty & Za-
man (2000). Positive correlation of IOP and CCT is shown: Wolfs et al. (1997)
reported an increase of 0.19 mmHg per 10 µm increase in CCT; Bron et al.
(1999) demonstrated 0.32 mmHg change in IOP per 10 µm change in CCT
and Shah et al. (1999) calculated 0.11 mmHg make change in IOP per 10µm
change in CCT for the normal eyes. Ehlers et al. (1975b) studied the effect of
variation in CCT and proposed the following relationship: IOPG (mmHg) =
2.43+24.90×CCT(mm), while Doughty & Zaman (2000) revealed the follow-
ing relationship: a 10% difference in CCT results in 3.4 mmHg difference in
IOP. The overall conclusion from these studies is that IOP measurements using
tonometry are affected by differences in CCT.

Although the majority of the studies are based on the statistical analyses
of clinical data, mathematical approaches (e.g. Orssengo & Pye 1999; Liu &
Roberts 2005) as well as numerical modelling (e.g. Elsheikh et al. 2006) are
also successfully used, producing results with a similar trend, where high CCT
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leads to IOP overestimation, and vice versa. Correlation between CCT and
IOP is probably nonlinear, Shah (2000). Corrections of Goldmann readings
can be achieved in various ways when CCT variations are considered. There is,
however, no agreement yet on the pressure correction factors and considerable
divergence are seen in the results, Doughty & Zaman (2000); Damji et al.
(2003). The inconsistency of these findings indicates that other confounding
parameters (e.g. material data) might not have been accounted for.

3.5.2. Corneal Curvature

Another possible source of error in tonometry is the corneal curvature. In
theory, flatter cornea should be less deformed to produce a standard area of
contact than steeper cornea. That gives a reduction in structural resistance
and an underestimation of IOP. Early experimental studies supported this no-
tion, Tomlinson & Leighton (1972), whereas Mark (1973) found a significant
correlation coefficient between keratometry and IOPG: each diopter of corneal
curvature is associated with an increase on measured IOPG by 0.34 mmHg.
However, Ehlers et al. (1975a) reported no clinically significant influence of
corneal curvature on IOP readings by Perkins tonometer. Recent studies are
consistent with this finding, proposing that the effect of corneal radius of cur-
vature appears to be marginal in the normal eyes, Paranhos et al. (2000); Saleh
et al. (2006); Francis et al. (2007).

3.5.3. Corneal Biomechanics

Material properties of the cornea affect the structural resistance of this shell,
and,thus have an influence on measured IOP. Till recently, corneal biomechan-
ical properties were not taken into account during GAT, assuming that IOP
readings do not depend on them. A study by Liu & Roberts (2005) drew
attention to the effect of corneal biomechanics on IOP measurement, and the
interest in this effect has been enormous since popular refractive procedures for
improving vision acuity represent different surgical manipulations with cornea
structural integrity which lead to the changes in corneal shape and material
characteristics.

There have been reports of a reduction in IOP tonometric readings after
PRK (e.g. Hjortdal & Ehlers 1995; Montes-Mico & Charman 2001; Faucher
et al. 1997) and LASIK (e.g. Fournier et al. 1998; Zadok et al. 2002; Chang
& Stulting 2005). In some studies, no correlation between changes in pressure
readings and changes in pachymetry or keratometry are found, (e.g. Schipper
et al. 1995; Mardelli et al. 1997), which means that at least partly the reduction
of IOP after surgery is due to modified biomechanical properties of cornea. It is
disputable, whether the true IOP changes after the refractive procedure. If this
is not the case, incorrectly measured IOP may cause a delay in the recognition
and treatment of possible glaucoma, resulting in ocular abnormalities. Hence,
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an understanding of the biomechanical behaviour of the cornea has a crucial
importance for the development of predictive tools to aid clinical management
of patients. Existing empirical surgical models do not explicitly identify or ac-
count for the significant sources of biomechanical response in the postoperative
visual outcome.

Other applanation tonometers have been reported to be more useful than
GAT in measuring IOP after refractive surgery. The pneumatonometer mea-
surements are less affected by flattening and thinning of the central cornea after
LASIK (Zadok et al. 1999; Duch et al. 2001) and PRK (Abbasoglu et al. 1998;
Levy et al. 1999) than GAT.
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Chapter 4

Biomechanics of Corneoscleral
Coat

The first step for solving problem in biomechanics is to understand geometric
configuration and mechanical properties of the object we are dealing with. The
second is particularly important and difficult, since it is generally accepted that
soft biological tissues are inhomogeneous, anisotropic, and nearly incompress-
ible, viscoelastic materials with nonlinear and time-history dependent consti-
tutive laws, Fung (1993). Analyses of the mechanical properties are necessarily
complicated due to these inherent characteristics with the occurrence of inter-
dependence of elasticity, flow and time. To link morphology of the tissue to the
mechanical behaviour, it is necessary to understand the mechanical properties
of its constituent materials. The tough fibrous tunic of the human eye-globe
consists of the cornea, sclera and limbal region. Like for the majority of soft
biological connective tissues, many properties of the corneoscleral envelope are
governed by the organization of the constituent collagen. For example, the
arrangement of these stiff protein fibrils at the limbus where the cornea and
sclera meet, is an important determinant of corneal curvature and the eye’s
focusing power, while the corneal architecture of the stroma is crucial to both
the biomechanical behaviour and the transparency of the cornea.

This chapter includes an extensive overview of the biomechanical properties
of the human eyeball. During tonometry the measured values of IOP are de-
pendent not only upon the true IOP, but also the degree of resistance exhibited
by the coats of the eye, particularly the cornea. Hence corneal biomechanics is
of primary interest for the present work, but a limited overview of the sclera
and corneoscleral junction area is also included in this chapter.

53
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4.1. Material Properties

The corneal tissue is characterized by all the typical features of soft biological
material:

• heterogeneity in the central to peripheral, anterior to posterior and ro-
tational dimensions, Dupps & Wilson (2006);

• near incompressibility, Uchio et al. (1999). Poisson’s ratio of the cornea
is 0.5, partly due to the large relative amount of water and partly be-
cause collagen fibres seem to be incompressible;

• nonlinear constitutive laws where long phase of linear behaviour is fol-
lowed by significant stiffening at higher pressure levels. A stress-strain
relationship represents a typical biomechanical J-shaped curve heeling
upward, Nyquist (1968);

• viscoelastic and creep behaviour observed in cyclic tests, Hoeltzel et al.
(1992); Soergel et al. (1995);

• strong structural anisotropy induced by the highly oriented collagen fib-
rils, Meek & Boote (2004).

Human corneas seem to have a vegetative physiology similar to those of the
rabbits, Hodson et al. (1981). It should be treated as a composite structure
rather than homogeneous, since its properties are determined by the interaction
of disparate materials like collagen and a compliant ground substance, Maurice
(1984). Collagen is represented by hundreds of stiff protein fibres laid parallel
to the surface and embedded in a matrix of lower stiffness material. Based on
the results on the corneal microstructure by Woo et al. (1972b); Hjortdal &
Jensen (1995) and laboratory testing by Anderson et al. (2004), it is suggested
that the corneal behaviour is divided into two distinctive phases: a matrix
regulated phase with low stiffness followed by a collagen regulated phase with
much higher stiffness. X-ray scattering patterns revealed that within ±2mm
of the corneal centre, about 66% of fibrils are oriented within the 45o sectors
around the vertical and horizontal preferred directions, while remaining lamel-
lae have random angular orientations, Meek et al. (1987), see Figure 4.1(a).
A significant proportion of collagen fibrils running across the cornea change
direction near the limbus and fuse with the circumferential limbal collagen.
The presence of circumferential corneal annulus of collagen fibrils located at
the limbus was confirmed by Newton & Meek (1998a). Supported by such ob-
servations Newton & Meek (1998b) proposed a microstructural model, able to
explain how the human cornea and sclera fuse together, Figure 4.1(b). Other
integration possibilities between the collagen arrangements in central cornea
and the limbus are shown in Figure 2.7, Meek & Boote (2004).
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In 2004, Aghamohammadzadeh et al. provided a montage of polar plots
demonstrating the preferred orientations of collagen fibrils with an indication of
the relative amount of collagen through the thickness at given location. More-
over, Smolek & McCarey (1990) showed regional differences in the interlamellar
strength in different parts of the cornea, also supporting the directional physi-
cal properties of the tissue. Indeed, Hjortdal (1996) reported that radially the
cornea is strongest in the center and moving further from the center there is
mechanical reinforcement, whereas circumferentially, the cornea is strongest at
the limbus. The unexpected non-uniform distribution of strain in the corneal
meridian also supports the notion of regionally different mechanical properties,
Shin et al. (1997).
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Figure 4.1: Preferential orientation of the collagen fibrils in the cornea. (a) Visu-
alization of the cornea sectors where a strong orientation of the fibrils is observed;
(b) Schematic diagram of fibril orientation. Redrawn and reproduced from Newton
& Meek (1998a,b).

It bears emphasis that behaviour of the living corneal tissue is strongly affected
by age, health conditions and hydration. In vitro cornea thickness is larger than
it is in vivo due to stromal swelling after excision. One should always take into
consideration the effect of corneal hydration on the stress-strain curve, Ehlers
& Hjortdal (2004). The in vitro corneas seem to be thicker than the in vivo
ones by a factor of two, on average. It was suggested that probably the most
meaningful way to compute stress is to use the corneal thickness of the fully
dried sample, since it is the collagen, not the water, which carries the load,
Nash (1982).

Sclera represents a typical biological connective tissue similar to cornea
but stiffer, since it consists almost entirely of collagen with a lesser amount
of ground substance. Scleral stroma is also arranged in lamellae, but scleral
collagen fibrils are highly variable in their diameter, lamellae vary in thickness,
and they can cross each other in all directions. The orientation of each lamella
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is irregular with respect to neighboring collagen bundles, Rada et al. (2005).
The sclera is traversed by blood vessels and nerves. This tissue organization
provides sclera with considerable viscoelastic properties, Hibbard et al. (1970);
Olsen et al. (1998). Indentation of the tissue initially causes a rapid lengthening
of fibres and a rebound followed by a slow stretching on prolonged pressure.
Sclera viscoelasticity protects the eye from injury during transient elevation
of IOP. It also confers strong tension properties consistent with requirements
to resist stresses imposed on it by extraocular muscles. It was found that the
elastic modulus for radial compressive stress of human sclera was less than 1%
of the modulus for circumferential tensile stress, with nonlinear stress-strain
relationship and essential incompressibility, Battaglioli & Kamm (1984).

Collagen is largely responsible for the mechanical and elastic properties of
cornea and sclera, representing a bearing component of these connective tissues.
Often, properties of the collagen are studied in tendons and ligaments, the
simplest structures from the point of view of collagen fibers, as they are parallel
in those tissues. The macro-mechanical properties of collagenous materials have
been studied extensively in the past decades. With macro-tensile testing, the
data presented in the literature on the modulus of elasticity of dry collagen
tissue and collagen fibers in fibril direction range from 1 to 8 GPa, van der Rijt
et al. (2006); Yang et al. (2007). Given the fact that the elastic modulus of the
ground substance is only in the order of 10−5 GPa, (Hjortdal 1996), the stroma
of cornea and sclera will clearly exhibit directional mechanical properties. For
example, the transverse properties of ligaments and tendons are approximately
two orders of magnitude lower than the fibril aligned longitudinal properties,
(Lynch et al. 2003; Stabile et al. 2004) and shear properties are more than
three orders of magnitude lower than the fiber aligned properties, (Weiss et al.
2002).

Obtaining accurate values for Young’s moduli of the cornea, sclera and
limbal region is made difficult by obstacles in methodology. In absence of
absolute values, the relative moduli of the cornea, sclera and limbus provide an
important guideline for how the material properties of these tissues relate to
each other. For example, it is determined that human sclera is stiffer than the
cornea, but it is not clear how much, with various studies reporting different
values, in a range from two to seven, Woo et al. (1972b). The study by Asejczyk-
Widlicka et al. (2007) found that for maintenance of image quality, there is a
peak value for the modulus of elasticity in the limbal region that occurs when
the scleral modulus is 5 − 7 times that of the cornea.

4.2. Experimental Studies

It is crucial to know and understand the limitations and advantages of different
experimental techniques used to derive the material data, since one should
be aware of every possible source of inherent experimental errors that can
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occur and utilize that knowledge to determine the degree of reliability of the
findings. The results of the physiological experiments should be treated with
care, specially, if they are to be used in theoretical analysis which could be
extremely sensitive to those initial parameters and assumptions.

A number of studies on the mechanics of the cornea and sclera have been
published. They fall into two groups: in vivo (within a living organism) studies
and in vitro (in an artificial environment) studies, both intact and cut into
strips. In vivo techniques proved to be very difficult, and, therefore, most
studies have attempted in vitro testing methods.

4.2.1. In vivo

The computerized analysis of corneal topography is the key to all in vivo stud-
ies. Although several distinct physical methods to assess biomechanical param-
eters in the living human eye have been proposed, most have not been imple-
mented in the clinic. One notable work is by Sjontoft & Edmund (1987), who
proposed a special calculation technique to determine a value of Young’s mod-
ulus for the cornea when in vivo measurements are performed. The mean value
of elastic modulus is calculated to be 0.025 MPa by this method. Holographic
interferometry (e.g. Smolek 1988; Kasprzak et al. 1993) uses optical compari-
son to evaluate elasticity. This technique shows big promise, but suffers from
practical limitations. To obtain clear images, the irradiance delivered at the
cornea is close to the maximum permissible exposure for laser safety, Jaycock
et al. (2005). Ocular response analyser applies a dynamic, bidirectional and
air-puff applanation to measure in vivo corneal viscoelastic properties, Shah
et al. (2007). Another method, dynamic corneal imaging, uses stepwise central
indentation of the cornea and computer analysis of videotopography images
during indentation to assess corneal elastic properties, Grabner et al. (2005).
Preliminary studies performed to characterize corneal Young’s modulus, wave
speed, and attenuation in cadaver or porcine eyes include ultrasonic charac-
terization, shear wave propagation, and strain imaging, (e.g. Wang et al. 1996;
Hollman et al. 2002). At the moment all these methods are still under devel-
opment, and employ quite expensive equipment, computational softwares and
sophisticated technicians skills. With the advancement of these methods, in
vivo data on corneoscleral biomechanical properties will become available for
evaluating the impact of these properties on tonometry measurement of IOP.

4.2.2. In vitro

Techniques such as stress-strain tests of corneal strips and the pressurizing
of the whole human cadaver eye are limited because these mechanical tests
cannot be performed in the physiological state. The wide variation between the
material properties reported in earlier publications seems to be related to three
main factors: the stress or strain at which Young’s modulus (E) is determined,
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the test method and the test strain rate. The physiological conditions for the
corneoscleral envelope can be calculated from the Laplace equation :

σ =
IOP · r

2t

where normal IOP varies between 10 and 21 mmHg, r is the radius of curvature
and t the thickness. For the cornea rc = 7.8 mm, tcav = 0.6 mm and for
the sclera rs = 12 mm, tsav = 0.8 mm. Hence, physiological stress for the
corneoscleral coat should be between 8 and 22 kPa. For example, Andreassen
(1980) reports the value of Young’s modulus being 57 MPa, but in his tests
he used pre-load of the specimen equal to 0.1 MPa to define the ”rest length”
of the corneal sample. The same mistake was made by Nyquist (1968), who
calculated elastic corneal modulus of E = 6.8 MPa for the smallest stress of
0.2 MPa. It seems that in both these cases the physiological relevance is lost
and stresses utilized to derive the corneal stiffness are too high.

Nonlinearity of the tissue has an important impact on the reported elastic
modulus. Some researchers present an elastic material model with constant E
— in that case reported values of Young modulus depend on pressure or strain
at which they are calculated. For example, Hoeltzel et al. (1992) reports two
values of E, E = 0.34 MPa under IOP = 10 mmHg and E = 4.1 MPa under
IOP = 400 mmHg. Kampmeier et al. (2000) also reports a lower E = 0.4 MPa
at strain 2% and higher E = 3 MPa at strain 8%. Other researchers propose
hyperelastic material models with elastic moduli increasing radially with strain;
the values of initial E still vary considerably. Elsheikh & Anderson (2005), for
instance, present E = 0.09 MPa; Zeng et al. (2001) report E = 0.18 MPa and
Wollensak et al. (2003) have E = 0.35 MPa (all for strain of 1%).

The first systematic studies with objective to determine a representative
Young’s modulus were uniaxial tests on the strips, cut from excised corneas.
Although popular, the procedure involves three inherent deficiencies which have
reduced the reliability of the technique. One of the deficiencies originates from
the fact that a strip specimen is originally part of a spherical surface, another
is due to the thickness variation between the corneal center and periphery,
Buzard (1992). Also, the stiffness of strip-cut corneal specimens may greatly
vary depending on the orientation of the cut: Jayasuriya et al. (2003) mea-
sured a horizontal to vertical stiffness ratio of 3, and a horizontal to diagonal
stiffness ratio of 10. The same technique is also applied to the sclera, Friberg
& Lace (1988): anterior circumferential scleral strips stiffer than radially ori-
ented samples (2.9 and 2.3 MPa, respectively), while posterior circumferential
strips are the most compliant (1.8 MPa). Mentioned deficiencies contribute to
the perception that strip extensiometry testing is a less reliable procedure to
determine the corneal material properties, when compared to inflation testing,
Elsheikh & Anderson (2005).

Techniques such as measurement of mercury drop displacement in an in-
tact eye under increasing pressure have resulted in a range of values for Young’s
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modulus for cornea from 0.14 MPa to 17 MPa, (e.g. Jue & Maurice 1986; Hjort-
dal & Koch-Jensen 1992). Button inflation tests are also conducted, where a
pressure chamber is used to increase the posterior pressure on the cornea and
the resulting displacement are monitored, Woo et al. (1972b); Hjortdal (1996);
Bryant & McDonnell (1996); Anderson et al. (2004). In these tests, the stress
is bi-axial, axisymmetric and the gripping problems which often occurs in ex-
tensiometry can be eliminated. The bulge testing studies maintain the cornea
in its natural working condition and are considered to be more accurate with
their load application speed more representative of the normal state. However,
this method also has a number of drawbacks including potential leakage, dif-
ficulty in controlling applied pressure, and dissolved air becoming trapped in
the solution, Ahearne et al. (2007).

Also viscoelasticity has an influence on material models of cornea and sclera
as well. This property ensures the dependence of material properties on the
strain rate used in testing. Thus, it is important to know strain rates for
different experiments and in some cases, this parameter is not reported.

4.3. Theoretical Studies

Sometimes, the relevant experimental archive is too sparse to validate the data
by comparison with compatible results from different sources. In other cases,
reliable published data on some parameters do not appear to be available. The-
oretical analysis involves the incommensurable bodies of experimental measure-
ments and can be used for testing the consistency of sets of previously reported
data. Although a structural model is based on geometric and material param-
eters derived in experimental studies and heavily relies on initial assumptions,
modelling is a useful supplement to laboratory examinations. It can also sug-
gest where improved experimental data are needed. When such empirical mea-
surements are accessible, the model modification can easily be accomplished
by appropriate adjustments of parameters.

As we could observe from an overview of experimental studies, a signifi-
cant body of research has been conducted to understand corneoscleral envelope
performance and its response to external and internal effects. A wide variation
between the reported material properties of cornea and sclera has been ob-
served due to differences in testing protocols, age and health conditions of the
donors. In this case it is useful to construct theoretical models of corneoscleral
coat and investigate its biomechanical response to various loading procedures
(i.e. elevated IOP, tonometry and etc.) under both normal and abnormal
conditions.

Some simple mechanical models were presented early in the fields of me-
chanical engineering, (e.g. Goldmann & Schmidt 1957; Schwartz et al. 1966;
Mow 1968). Recently, more advanced analytical models of cornea and cor-
neoscleral envelope were developed, Orssengo & Pye (1999); Liu & Roberts
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(2005). Although more comprehensive and valuable than previous analytical
models, these are still relying on some critical assumptions and limited by the
complex material properties and geometry. Investigators were forced to make
simplifying assumptions, for instance, to model cornea as part of a spherical
surface of constant thickness with uniform linear or nonlinear properties, (e.g.
Woo et al. 1972b; Buzard 1992; Bryant & McDonnell 1996). In spite of the
fact that the first assumption is reasonable in the context of an analytic model,
it limits the applicability of the results. Second assumption significantly influ-
ences the behaviour of the model, whether it is isotropic elastic material, (e.g.
Vito et al. 1989; Anderson et al. 2004) or orthotropic and anisotropic elastic
material, (e.g. Pinsky et al. 2005; Li & Tighe 2006, 2007).

A major strength of computer simulation is its ability to allow independent
parametric analysis, making it easy to identify the effect of each variable on
the outcome, dispensing of many laboratory experiments and sparing donor’s
eyes. Numerical modelling based on the finite element method has been used
to predict corneoscleral response for years. A finite element model can be
customized to make it patient-specific by using clinically measured data and
consider immediate change in patients corneal shape after the surgery. Nu-
merical simulations of the tonometric procedure were one of the first to be
carried out, Kobayashi et al. (1971); Woo et al. (1972a). Earlier efforts also
include Vito & Carnell (1992); Carnell & Vito (1992). These studies, in spite
of employing several simplifications, were able to demonstrate the effectiveness
of FEM modelling in predicting biomechanics. Three-dimensional modelling is
used with some success to recreate the refractive surgery and postoperative re-
sponse of the patient’s eye, Hanna et al. (1989); Pinsky & Datye (1991); Hanna
et al. (1992); Velinsky & Bryant (1992). We mention, as strictly connected to
the present thesis, the micro-mechanical model of corneal tissue presented by
Pandolfi & Manganiello (2006), the recreation of corneal surgery by Fernandez
et al. (2005, 2006) and recent analysis of tonometric procedure by Elsheikh
et al. (2006).
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Source Tissue Elastic

Modulus E

(MPa)

Stress,

Strain,

Pressure

Technique

IN VIVO

Sjontoft & Edmund (1987) h. sclera 0.025 — analytical

Smolek (1988) b. sclera 3.9 − 9 — hol. interferometry

Förster et al. (1994) b. cornea 0.14 − 0.16 10 mmHg hol. interferometry

Wang et al. (1996) h. cornea 5.3 2.25 MHz ultrasound, saline

Hollman et al. (2002) p. cornea 0.05 − 0.5 10 − 40% strain imaging

IN VITRO

Nyquist (1968) h. cornea 6.8 0.2 MPa strip, tensile

Andreassen (1980) h. cornea 57 0.1 MPa strip, tensile

Nash (1982) h. cornea 3.63 − 11.6 1 − 3% strip, tensile

Edmund (1988) h. cornea 9.03 — strip, tensile

Seiler et al. (1992) h. cornea 0.24 2% strip, tensile

Hoeltzel et al. (1992) h. cornea 0.34 − 4.1 10−400 mmHg strip, tensile

Bryant et al. (1994) h. cornea 1.8 5% strip, tensile

Kampmeier et al. (2000) p. cornea 0.4 − 3 2 − 8% strip, tensile

Zeng et al. (2001) h. cornea 0.18 − 0.7 1 − 8% strip, tensile

Wollensak et al. (2003) h. cornea 0.35 − 2.18 1 − 8% strip, tensile

Schwartz et al. (1966) h. cornea 0.027 —- strip, compression

Battaglioli & Kamm (1984) h. sclera 0.027 - 0.041 0.02 − 4 kPa strip, compression

Friberg & Lace (1988) h. sclera 1.8 − 2.9 0.2 − 2.6 MPa strip, tensile

Downs et al. (2003) m. sclera 2.9 − 5.5 — strip, tensile

Wollensak & Spoerl (2004) h. sclera 3.95 − 22.82 1 − 8% strip, tensile

Jue & Maurice (1986) h. cornea 5 − 9 0 − 44 mmHg pressurized eyes

Woo et al. (1972b) h. cornea 0.2 − 1.42 1 − 8% button inflation

Bryant & McDonnell (1996) h. cornea 0.14 − 4.03 1 − 8% button inflation

Anderson et al. (2004) p. cornea 0.35 − 6.7 1 − 4% button inflation

Elsheikh & Anderson (2005) p. cornea 0.088 − 3.6 1 − 8% button inflation

Woo et al. (1972b) h. sclera 1.14 − 21.32 1 − 8% button inflation

Table 4.1: Collected published values of elastic modulus, characterising mechanical
performance of corneoscleral envelope. Young’s moduli presented at the third column
are determined at the stress/strain/pressure values reported at the forth column.
Abbreviations for the tissues are b. – ”bovine”, h. – ”human”, m. – ”monkey”, p. –
”porcine”.
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Chapter 5

Modeling Procedures

5.1. Methods

Finite element methods (FEM), also called finite element analysis (FEA), is a
numerical technique to solve a desired field problem determined by the spatial
distribution of one or more dependent variables. It has found wide application
in biomechanics, due to its ability to handle complex geometries and allows
wide ranges of the material properties, constraints, boundary and loading con-
ditions. Mathematically, a field problem is described by an integral expression
or differential equation. In FEM, the geometry is subdivided into small but
finite regions (elements), for which the governing equations can be developed.
By assembling the elements, the differential equations governing the deforma-
tion of solids degenerate to a system of algebraic equations (representing a
FE mesh) which is numerically solved on the domain for unknowns at nodes.
These are values of the field quantity and possibly its derivatives. This means
that computed quantities include local deformations in response to the applied
loads, as well as the corresponding stresses and strains. It is important to
recognize that FEA is an approximate method applied to the mathematical
model, leading to at least two kinds of potential inaccuracies. Thus, the FEM
solution is not exact, but can be improved by using more elements to represent
the structure, Cook et al. (2002). An alternative method is to use elements
with inherent more accurate representation.

5.1.1. General requirements for the numerical study

A finite element analysis is a valid tool in biomechanics when used correctly. A
numerical study should obey several important demands before its predictions
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can be considered to have any clinical value. To achieve success in biome-
chanical research, the following conditions should be satisfied, Viceconti et al.
(2005):

1. Model selection:

- representation of the physical problem at hand to a sufficient degree of
accuracy;

- establishment of the detailed geometric model and suitable reference
configuration;

- assignment of material properties for all components of the modelled
structure;

- specification of the boundary conditions and operative forces;

2. FE formulation:

- element consideration and solution methods;

3. Model verification:

- estimation of the convergence tolerance, e.g. numerical accuracy;
- proper identification of model parameters, (e.g. independence from the

time or the repetition in the experiment used to derive them; association
with measurable physical/physiological quantities);

4. Model validation:

- ability to fit the experimental results;
- sensitivity analysis of the results, consideration of the uncertainties in

the model input parameters;

It should be noted in the present context that eyes from persons of the same
age group exhibit variations in their mechanical and geometric characteristics.
The differences in testing technique and health conditions of the donor eyes
produce a wide range of, sometimes, incommensurable and inconsistent bodies
of measurements. When seeking general qualitative results, we need to assemble
data from different sources and our modelling exercises lead to idealized models
of a human eyeball. It bears emphasis that procedures and assumptions used
to specify the model are based entirely on what the author regards as sensible,
reliable and reasonable interpretations of the available data. It was necessary
to choose some values for different parameters. All adopted assumptions and
accepted choices are described in details to allow the reader to judge their
appropriateness, admissibility and validity.
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5.1.2. Details of the present numerical study

As mentioned before, cornea consists of five different anatomic layers, and only
the stroma and Bowman’s membrane contain collagen fibrils. Hence these lay-
ers provide the majority of the cornea’s tensile strength. There is evidence that
epithelium removal causes little or no change in the anterior corneal curvature,
Litwin et al. (1991). The epithelium and the endothelium do not have any
structural components that are able to carry mechanical stress. The study by
Eliason & Maurice (1981) indicates that Bowman’s membrane and Descemet’s
membrane in the normal cornea are slack. As a result of a localised thinning
of the in vivo cornea, the membranes of Bowman and Descemet are displaced
towards the stroma while the stroma maintains its curvature. The extensibility
and the low stiffness of Descemet’s membrane ensure its laxity over a broad
range of IOP, Jue & Maurice (1986). According to the extensiometry studies
by Seiler et al. (1992) removal of Bowman’s layer does not measurably alter the
mechanical properties of the cornea. Hjortdal & Ehlers (1995); Montes-Mico
& Charman (2001) agree with this hypothesis, believing that Bowman’s mem-
brane does not play a significant role in corneal rigidity. Considering the above,
it can be concluded that the stroma is the main stress-bearing component of
cornea. In all the following we assumed that the behaviour of the cornea was
governed by the properties of its thickest structural component – stroma. By
saying ”thickness of cornea” we mean stromal thickness, discarding other thin-
ner corneal layers. Additionally, our model does not account for viscous (time
dependent) behaviour observed in cyclic tests, Soergel et al. (1995). That is
the hypothesis of the present thesis.

Since tonometry is performed through the ocular shells, it gives just an ap-
proximation of the true values of IOPT in the eye. The aim of this dissertation
is to understand how reliable are the tonometric applanation measurements.
For this purpose, all possible sources of errors have to be clearly described, scru-
tinized, classified and, finally, investigated by the means of FEA. First of all,
the precision of IOPG readings depends on whether GAT has been conducted
on a healthy young patient, an elderly patient with a high glaucoma risk, or
a patient, who has undergone a refractive surgery procedure. In other words,
the accuracy of tonometry is up to the individual variation of biomechanical
parameters of the eye. Another possible source of errors appears due to the
indirect nature of GAT and deals with the uncertainties induced by the appla-
nation technique. According to ophthalmologists, (private communications),
mistakes in using GAT can occur even when a very experienced optometrist
or technician performs the measurements. Such factors as eye movement (i.e.
gaze direction), or head inclination during measurements, or applanation with
paracentral cornea, or combination of those can affect the IOPG predictions.
The range of errors is unknown, but it is observed that they can be essential,
i.e. Moses (1958); Moses et al. (1982); Whitacre & Stein (1993). To the authors
knowledge, the effect of the deviation from the central applanation has never
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been analysed in any theoretical or numerical study and only few clinical trials
were carried out, Nardi & et al. (1988); Herzog et al. (2008).

In the following sections we describe an attempt to construct an adequate
finite element model of the tonometric applanation procedure with the fulfill-
ment of the mentioned general requirements. All calculations have been carried
out using the commercial finite element software ABAQUS, Hibbit et al. (2004).
The present research is concerned with the modelling of GAT procedure, which,
in turn, is based on pseudo-static measurements of the force required to flatten
a fixed central area of cornea. In this case, it is sufficient to use the general-
purpose static part of ABAQUS, which solves a system of equations implicitly
at each solution increment, representing the loading sequence, assuming quasi-
static conditions. Two models are developed, in increasing order of complexity
and realism. First model represents a two-dimensional (2D) model of cornea.
It resembles the ones proposed before, except for the complexity in its material
behaviour, see Kobayashi et al. (1971); Woo et al. (1972a). Since the model is
axisymmetric, only central applanation of the tonometer tip could be modelled.
This is the best case scenario depicted in Figure 5.1(a).

(a) (b) (c)

Figure 5.1: Different techniques of applanation: (a) Central applanation; (b) Appla-
nation with paracentral tip: central portion of cornea is contacted with non-central
portion of applanation tip; (c) Applanation with paracentral cornea: GAT tip con-
tacts peripheral cornea perpendicularly to the curve of the cornea. For clarity, dis-
placements as well as dimensions of the tonometer tip are grossly exaggerated.

A three-dimensional (3D) model, on the other hand, is able to capture non-
symmetrical effects such as uneven geometric and material characteristics of
involved tissues as well as sensitivity of the results to the mistakes in technique
of applanation, Figure 5.1(b-c). The present 3D model is a model of the whole
eyeball and consists of cornea, limbus and sclera under the internal and exter-
nal applanating pressures which are combined to model Goldmann tonometry.
Three different loading possibilities have been considered, which are shown in
Figure 5.1. Since deviation from central applanation is unknown, 5% displace-
ment from the anterior pole has been assumed in the latter case. For both 2D
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and 3D models, preliminary geometric sensitivity simulations have been per-
formed together with a parametric study of the effects of material properties
on the models behaviour.

5.2. Pre-processing: Two-Dimensional Model

An axisymmetric FE nonlinear hyperelastic homogeneous and a linear elastic
heterogeneous orthotropic model of cornea have been constructed to investigate
the influence of different corneal biomechanical parameters on the simulated
GAT readings.

5.2.1. Geometry

The model is two-dimensional and formulated in terms of axial symmetry with
the axis of symmetry along the anterior-posterior axis of the eye. Because of
the assumption about axis symmetry, we can greatly reduce the size of the
computational model, since it is sufficient to model only half of the cross-
section, Figure 5.2.

D/2 = 5.5

R = 1.53

1

2

3

L5

L
1

TC

TL

Figure 5.2: In vivo reference configuration of the axisymmetric model, (cornea is

under the IOP load): geometry and finite element mesh. The corneal segment is
divided into five layers (from outer L1 to inner L5). Tc is corneal thickness at center
and TL at limbus.
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Cornea was assumed to be a part of a composite spherical shell. Variation in
thickness was considered for all the simulations developed. The thickness was
minimum at the apex, Tc, increasing linearly along the meridional direction
and achieving its maximum at the limbus, TL, Maurice (1984). Since one
of the main goals was to investigate the effect of central corneal thickness
(CCT) on GAT readings, Tc was varied within a certain range. In subsequent
simulations we assumed that TL was always 0.150 mm larger than Tc as it was
in Gullstrand’s No.1 schematic eye, in which Tc = 0.52 mm and TL = 0.67 mm,
cf. Gullstrand (1909). We adopted the value of outside corneal radius equal to
Rc = 7.8 mm and a base diameter equal to D = 11 mm.

The human corneal stroma exhibits a layered structure, comprising over
200 lamellae through its central thickness. Due to a large number of lamellar
sheets through the thickness of the stroma, it is computationally intractable
to model lamellae as individual components. We adopted another approach,
where corneal thickness was divided into five generalized lamellae or layers,
from outer L1 to inner L5, Figure 5.2. Each of these layers had its own set
of material properties, following Fernandez et al. (2005). By doing so, we also
introduced the inhomogeneities in the stroma stiffness with depth variation.

The tip of the applanation tonometer was 3.06 mm diameter and mod-
elled as an analytical rigid surface. Initially, the tonometer and cornea were
separated from each other.

5.2.2. Material Properties

Heterogeneous Linear Orthotropic Model

Due to axial symmetry of the model, the anisotropic cornea could be approxi-
mated as an orthotropic or transversally isotropic material with principal axes
in the meridian and circumferential directions, Pinsky & Datye (1991); Hjortdal
& Ehlers (1995). Since orthotropic constitutive laws in ABAQUS are only lin-
ear, the first model is linear elastic and heterogeneous. Stroma is divided into
five layers and represents a part of the sphere. We introduce a local spherical
coordinate system associated with the structure that depicts principle mate-
rial axis, Figure 5.3. Ground substance of the cornea is principally water,
which characterizes the tissue as a nearly incompressible material, Bryant &
McDonnell (1996); Pinsky et al. (2005). Considering this, it is reasonable to
propose ν23 = 0.5, i.e. the tissue is incompressible in the membrane plane for
circumferential stress. This approach is similar to the one by Hjortdal (1996).

Linear elasticity in an orthotropic material is defined by giving the engi-
neering constants: three elastic moduli E1, E2, E3; Poisson’s ratios, ν12, ν13,
ν23; and the shear moduli, G12, G13, and G23, associated with the material’s
principal directions. For simplicity, we assumed that material was ”nearly
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Figure 5.3: Axisymmetric corneal elements are sweeped in order to show the pre-
ferred orientations and associated elastic moduli in a spherical coordinate system.
These are principle material directions. Triad below shows a global coordinate sys-
tem.

transversally isotropic” in plane 2 − 3. By that we mean that Poisson’s ratios
and shear moduli obey the transversally isotropic law, but the elastic compo-
nents are different. The reason we did not assume full transversal isotropy was
an intention to simulate regional changes in the corneal material properties, as
explained in more details below. Also, due to the lack of experimental data
and for the sake of simplicity, we assumed that all stromal layers through the
corneal thickness had equal Poisson’s ratios, i.e. ν12 = ν13 and ν21 = ν31.

According to mechanical laws, when cornea is modelled as a thick shell,
and accounting for the thickening at the periphery, the predicted meridional
strains from the intraocular pressure loading should decrease from its maximum
at the apex. This is inconsistent with experimental data since strain distribu-
tion on the anterior surface of the cornea is expected to be highly nonuni-
form, Shin et al. (1997). Based on experiments, Hjortdal (1996) observed that:
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(a) — pressure-induced meridional strains were lowest at the para-center and
periphery, (those areas are 1.5− 5 mm away from corneal axes); (b) — merid-
ional Young’s modulus of elasticity was highest at the center, while (c) —
circumferential elastic modulus was highest at the limbus. The mentioned
observations suggest a gradual change in material properties from one corneal
region to another, due to regional differences in the ultrastructural components.
To include heterogeneity of the cornea from the center to peripheral dimension
we need to simulate a transition in the dominant corneal stiffness from merid-
ional at the apex to circumferential at the limbus. We followed the approach
proposed by Shin et al. (1997), assuming that the in-plane orthotropic moduli
for the elements vary with the distance from the apex, see Figure 5.4(a). This
would simulate variation in orientation of corneal fibril reinforcement with dis-
tance from the central cornea. Although, there is no evidence that Em and Ec

vary linearly from corneal center to periphery, we adopt this proposal, since the
postulated model indeed reflected the observed distribution of the meridional
strain after the pressure loading. Figure 5.4(b) displays this distribution for
different baseline models. Strains predicted by the inhomogeneous orthotropic
model showed a dip at para-central area (about 2 mm from apex) similar to
what has been seen in the experiments, Hjortdal (1996); Shin et al. (1997).

0 1 2 3 4 5

Ec

Em

Em, Meridional Modulus
Ec,  Circumferential Modulus

(a)

Center Para−Center Periphery Limbus
0

0.005

0.01

0.015

0.02

0.025

Lo
ga

rit
hm

ic
 s

tr
ai

n

Distribution of the Meridional Strain

 

 

Homogeneous, Isotropy
Homogeneous, Orthotropy
Heterogeneous, Orthotropy

(b)

Figure 5.4: Modelling the transitions in dominant stiffness from corneal apex to

corneal limbus. (a) Assumed variation of orthotropic moduli used in the model, af-
ter Shin et al. (1997). Solid line depicts variation of meridional modulus Em with
average baseline values at apex equal to 0.362 MPa, while dashed line depicts vari-
ation of circumferential modulus Ec with average baseline values at apex equal to
0.262 MPa. (b) The distribution of the meridional strains at anterior corneal surface
after the IOP loading of 21 mmHg for different baseline models: dotted line – homo-
geneous, isotropic model; dashed line – homogeneous, orthotropic model; solid line –
heterogeneous, orthotropic model.
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For the orthotropic engineering constants we need to fulfill the material stability
requirements, which are the following:

E1, E2, E3, G12, G13, G23 > 0

1 − ν12ν21 − ν23ν32 − ν31ν13 − 2ν21ν32ν13 > 0

Additionally, considering well-known reciprocity relationships
νij

Ei
=

νji

Ej
,

we have

|ν12| < (E1/E2)
1/2, |ν21| < (E2/E1)

1/2

|ν13| < (E1/E3)
1/2, |ν31| < (E3/E1)

1/2

|ν23| < (E2/E3)
1/2, |ν32| < (E3/E2)

1/2

Simulations should be based on reasonable choices for the values of these or-
thotropic parameters for each corneal layer. This is not trivial, since cornea
is highly heterogeneous in the central to peripheral and anterior to posterior
dimensions, and the experimental corneal material data vary significantly, de-
pending on the conditions of the experiments. First of all, we already assumed
ν23 = 0.5. There is a great dispersion of published data on Young’s mod-
uli, ranging from 0.005 to 10 MPa, see Table 4.1. We proposed baseline val-
ues for meridional elastic moduli at the corneal apex, E3i, to be the same as
measured by Fernandez et al. (2005) for 10% deformations, where i = (1; 5),
i = layer number. In our simulations we employ intraocular pressure loading,
and 10% strains seems to be quite large. As observed from Table 4.1, the val-
ues of the corneal Young modulus reported for 1− 3% strain levels were about
0.3 MPa, (e.g Kampmeier et al. 2000; Zeng et al. 2001; Wollensak et al. 2003;
Elsheikh & Anderson 2005). This value is close to the strains, occurring in the
present type of simulations (IOP and GAT loading). The average elastic mod-
ulus for the cornea derived by Fernandez et al. (2005) was Eav = 0.363 MPa,
which is similar to 0.3 MPa. It is the ground for justification of the proposed
assumptions.

Moduli E2i identify the circumferential moduli for the cornea. Since we
proposed that corneal tissue was obeying ”nearly transversally isotropic” law
in plane (2 − 3), and there have been no indication about the relationship
between meridional and circumferential elastic moduli found in the literature,
the difference in E2i and E3i was modelled to be small, in such a way, that E2i

at the corneal center also fitted in the range of data reported in the previous
chapter and collected in the Table 4.1. We assumed that at apex E2i would
satisfy the equation: E2i = E3i − 0.1 MPa, for the layers from L1 to L5.

The anisotropy of the corneal material is strong: the measured elastic
moduli in the meridional and circumferential directions are about 100 times
greater than elastic moduli measured in the direction orthogonal to the surface,
Hanna et al. (1992). Similar observations in transverse properties of ligaments
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and tendons were observed: E1 is approximately two orders of magnitude lower
than the fibril aligned longitudinal properties (in our case it is E3), Lynch et al.
(2003); Stabile et al. (2004). Based on this knowledge we proposed the following
equations for the E1: E1i = E3i/100. The Poisson ratios ν12 = ν13 were initially
assigned a value of 0.01, while in-plane shear modulus G23 = 0.9 MPa.

Table 5.1: Material data for orthotropic elasticity at the corneal apex

Layer E1

(kPa)

E2

(MPa)

E3

(MPa)

ν23 ν12 G12

(kPa)

G23

(MPa)

L1 6.2 0.522 0.622 0.5 0.01 124.4 0.9

L2 2.8 0.175 0.275 0.5 0.01 55.0 0.9

L3 2.8 0.179 0.279 0.5 0.01 55.8 0.9

L4 3.0 0.204 0.304 0.5 0.01 60.8 0.9

L5 3.3 0.231 0.331 0.5 0.01 66.2 0.9

Average 3.6 0.262 0.362 0.5 0.01 72.4 0.9

We proposed transversal isotropy for the shear moduli and Poison’s ratios, hence ν12 =

ν13 and G12 = G13 for all layers of cornea. Values for meridional elastic moduli, E3i,

were taken from Fernandez et al. (2005) for 10% deformations. Adopted equations

for circumferential (hoop), transversal elastic and shear moduli, were, respectively,

E2i = E3i − 0.1, E1i = E3i/100, G12i = E3i/5, where i = (1; 5), i is layer number.

It is known that in ligaments and tendons shear stiffnesses are more than three
orders of magnitude lower than in the fiber aligned properties, Weiss et al.
(2002). However, these connective tissues can be considered as materials, rein-
forced by a single family of collagen fibers, distributed in one preferential di-
rection in a compliant solid isotropic matrix. Cornea, in turn, may be thought
of as a composite material having randomly oriented laminate embedded in
similar matrix with very low shear modulus. X-ray studies on corneal ultra-
structure demonstrated that at the center about two thirds of the collagen
fibers adopted preferred orientation in the vertical and horizontal directions,
Meek et al. (1987); Meek & Quantock (2001). The remaining lamellae are
randomly distributed and, together with the ground substance, define an un-
derlying isotropic tissue, which, obviously, does not have the same material
properties as the initial matrix. According to all published studies, shear mod-
uli should be lower relative to the in-plane properties, but not as small as shear
parameters of the corneal ground substance. To the author’s knowledge, shear
moduli of cornea have not been reported in any experimental works in a way
such that they can be used for the orthotropic material modelling. Thus, an
extensive parametric study on these properties has been performed. Initially, a
number of simulations on the IOP loading of cornea have been carried out with
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large variation for ν12, Ei, Gij to define approximate ranges of the parameters.
It was observed that in this particular axisymmetric orthotropic model, con-
verged solution was not achieved (simulation resulted in abrupt stop and error
occurred), when transverse shear moduli G12 = G13 were much lower than
elastic modulus in fiber aligned direction. We assumed the initial relation-
ship between meridional elastic and shear properties was G12i

= E3i/5, where
i = (1; 5) and i is layer number. The chosen values of all material orthotropic
parameters for the cornea at the center are listed in Table 5.1. Further from the
apex and towards the periphery, the E2 and E3 varied to meet the relationship
postulated by Shin et al. (1997) and depicted in Figure 5.4(a). Although we
modelled our five generalized ”lamellae” as fully bounded, the adopted shear
moduli for each of them were different, since they depended on the values for
the elastic properties.

Homogeneous Nonlinear Model

Button inflation test on the whole corneas, like the one performed by Woo et al.
(1972b); Bryant & McDonnell (1996); Elsheikh & Anderson (2005), showed that
corneal material was nonlinear with significant stiffening at higher pressure lev-
els. It was first reported as early as 1968, that cornea represented a typical
soft biological tissue with a biomechanical J-shape curve of the stress-strain
relationship heeling upward, Nyquist (1968). To investigate the corneal be-
haviour under the GAT thoughtfully, nonlinear properties should be taken into
account. Subsequent models developed in present work are dealing with non-
linear isotropic material descriptions. One of them is the heterogeneous model
with material constitutive relationships obtained by Fernandez et al. (2005)
for each of five generalized lamellae. The main limitation of the data from
Fernandez et al. (2005) was already mentioned: measurements were performed
under high levels of strains (i.e. for 10% deformations). Thus, the results
should be treated with care, since nonlinear material is highly sensitive to the
stresses and strains at which constitutive relationship is derived. Also, experi-
ments by Fernandez et al. were carried out on cut circular disks, not on intact
cornea, which also affected the results. For comparison, three more models
were constructed based on the data reported by Woo et al. (1972b); Bryant &
McDonnell (1996); Elsheikh & Anderson (2005). These reported models were
homogeneous, isotropic and nonlinear. The stresses and strains measured in
those studies were fitted by an exponential function σ = A(eBε − 1) using a
least squares method. Only data points below 30% strains were employed from
Fernandez et al. (2005). Young’s modulus (E) is calculated as the gradient of
the stress-strain relationship, i.e. tangent modulus: E = dσ/dε = A × BeBε.
The material parameters received by such a procedure together with the tan-
gent elastic modulus at 1% strain are listed in Table 5.2. Those were used in
further calculations.
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Table 5.2: Values for the material constants used in simulations with nonlinear

hyperelastic models. Constitutive relationship is in exponential form σ = A(eBε −1).
E0.01 indicates the cornea’s tangent elastic modulus at 1% strain.

Source Layer A,

kPa

B E0.01,

MPa

Fernandez et al. (2005) L1 25.8 7.33 0.203

L2 12.9 7.20 0.1

L3 12.3 7.19 0.095

L4 15.6 6.94 0.116

L5 15.2 7.44 0.122

Woo et al. (1972b) whole 5.40 28 0.2

Bryant & McDonnell (1996) whole 1.75 48.3 0.137

Elsheikh & Anderson (2005) whole 0.99 52.9 0.09

5.2.3. Loading Conditions

The measures Tc = 0.52 mm and Rc = 7.80 mm are called calibration dimen-
sions, since, according to Goldmann & Schmidt (1957); Ehlers et al. (1975a),
the Imbert-Fick law is valid for those values of corneal parameters, and GAT
readings (IOPG) are considered to be equal to the true intraocular pressure
(IOPT) existing in the eye. In a majority of published clinical studies, the
reported cornea shape is measured in vivo. Thus, this is a geometry of pre-
stressed tissue, which is already deformed by the IOP. A stress-free corneal
configuration was not known a priori and it had been derived by preliminary
calculations. At the first step, intraocular pressure was applied to the poste-
rior corneal surface and initial geometry was calibrated in order to ensure that
resulting shape of the cornea matched the proposed factors such as calibra-
tion corneal axial thickness of 0.52 mm and corneal central radius of curvature
equal to 7.80 mm. In other words, a well known engineering technique, known
as inverse methodology was utilized. By performing ”what if” calculations the
initially unknown parameters (Tc0, Rc0) were manually adjusted to give the
known resulting configuration (Tc, Rc) at the end of each calculation. Thus,
an effect of a pre-existing physiological stress state was included in the model.
That was the main cornea’s undeformed position before GAT and all defor-
mations were measured from it. The loading produced by the eyelids and the
extraocular muscles was ignored.

Boundary conditions at the limbus should be chosen with care, since this
choice can significantly influence the behaviour of the model. Sclera is about
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2–7 times stiffer than the cornea, Woo et al. (1972b); Asejczyk-Widlicka et al.
(2007). It is speculated that limbus forms a rigid link, supporting the curva-
ture of the cornea, but, at the same time, is flexible enough to permit small
adjustments in response to processes that could affect corneal shape and axial
length, Maurice (1984). There is also an anatomical evidence for the existence
of such a ring, based on a preferential orientation of collagen fibers in the limbal
area, Newton & Meek (1998a); Aghamohammadzadeh et al. (2004). To find a
reasonable approximation of the corneal edge support, Anderson et al. (2004)
investigated several approaches and came to the conclusion that under the IOP
the cornea-only model acquired the best matching behaviour to the whole-eye
model, when edge nodes at the limbus were modelled with the correspondence
to a roller supports in a certain inclined direction. This assumption was also
adopted by Orssengo & Pye (1999). We modelled various boundary conditions
at the limbus to investigate the influence of this parameter on the model be-
haviour: full fixation, hinge and roller supports at the edge nodes in an inclined
direction, perpendicular to the mean surface of the shell.

Since tonometer was modelled as analytical rigid surface, displacement
was applied at rigid reference node to simulate GAT. The applanation force
was calculated as a reaction force at this node, and corresponding applanating
IOPG was computed by dividing it to the contact area.

5.3. Pre-processing: Three-Dimensional Model

In the previous GAT simulation we only constructed the model of cornea,
assuming this tissue to be the most important component of the eyeball in the
tonometric procedure. Such an approach has some drawbacks. Particularly,
the only-cornea model can be very sensitive to the chosen boundary conditions.
Also a two-dimensional axisymmetric study was employed: a strategy, which
was unable to capture any unsymmetric effects. Three-dimensional modelling
is a big step towards the improvement of the accuracy of the model. The
extra-cellular matrices of the cornea and sclera represent a layering pattern of
collagen embedded in the ground substance. It is the uneven arrangement of
the fibrils which makes constructing an adequate finite element model of these
tissues so difficult. Collagen fibrils reinforce cornea and sclera, and, because
they are strongest axially, knowledge of their orientations within a particular
tissue is crucial to its mechanical performance. In the following, we describe
a 3D nonlinear model of the applanation tonometric procedure, incorporating
the corneoscleral shell with reinforcing rebar layers and the fluid-filled cavity
of the eyeball.
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5.3.1. Geometry

The surface of the cornea is well approximated by an ellipsoid segment, Fig-
ure 5.5. The equation of a standard ellipsoid body in an x − y − z Cartesian
coordinate system is

x2

a2
+

y2

b2
+

z2

c2
= 1

where a and b are the equatorial radii (along the x and y axes) and c is the
polar radius (along the z-axis). In the frontal (xy) plane, the corneoscleral
intersection was oval (elliptical) due to the limbus overlap above and below:
its temporal-nasal diameter (Dh) was 10% larger than the inferior-superior
diameter (Dv), with Dh = 11.8 mm, while Dv = 10.6 mm on average, Bron
et al. (2001).
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Figure 5.5: Geometry of the corneal ellipsoid

The anterior radius of curvature was Rz = 7.8 mm on the optic axis and the
maximum elevation at apex was H = 2.6 mm. As in the 2D model, the axial
thickness of the cornea was smaller than its peripheral thickness and their
variation along the corneal meridian were linear, gradually increasing from
corneal apex to the end of corneal limbus, Figure 5.6.

Sclera was approximately spherical with an average internal radius of 12 mm.
At its posterior pole sclera is reinforced by the optic nerve bundle. We assumed
the diameter of this optic disk to be equal to 3.5 mm, Bron et al. (2001). The
thickness of the adult sclera is not uniform. It is thickest at the posterior
pole: 1–1.35 mm, decreasing gradually to 0.4–0.6 mm at the equator and is
thinnest under recti muscles, 0.3 mm. It increases again from insertion of ex-
traocular muscles towards the limbus up to 0.8 mm, where it blends with the
cornea, Watson & Young (2004). We did not consider any muscle tissue in the
model, and we assumed that since recti muscle itself has a certain thickness,
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overall scleral thickness did not change under the attachments of the muscle.
We proposed that sclera near the limbus was 0.8 mm, decreasing towards the
equator (0.5 mm) and increasing again to its thickest 1.2 mm at the optic nerve.
The area of optic nerve bundle was assumed to have a uniform thickness equal
to 1.2 mm. The initial configuration of the eyeball in xz plane is shown in
Figure 5.6.

The transitional zone between the clear cornea and opaque sclera was also
modelled. Limbus was not of equal width around its circumference, being 2 mm
superficial width in the vertical meridian and 1.5 mm in horizontal. We assumed
that the limbus-junction is in the middle of this zone, see Figures 5.6 – 5.7.
Knowing the coordinates of the limbus-junction (which is exactly the end of
the cornea, Dh, Dv), we could calculate the borders of the corneal and scleral
limbus.
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Figure 5.6: Geometry of eyeball in xz plane together with the corresponding thick-
ness of all the components. TC – corneal central thickness, TL – thickness of limbus
junction, which is situated at the middle of limbus area. Limbus itself is composed
of two equal parts: corneal and scleral.
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Figure 5.7: Reference configuration of the model. (1) – cornea; (2) – limbus area,

where (2.1) is corneal limbus, (2.2) is scleral limbus; (3) – sclera.

5.3.2. Material Properties

Cornea

Cornea has a well organized lamellar structure, and can be considered as a
material reinforced in one (in the limbus) or two (in the center) preferential di-
rections, with the families of fibers distributed in a compliant ground substance.
The remaining randomly distributed lamellae together with the corneal matrix
define an underlying isotropic material. We modelled the collagen reinforce-
ment by means of rebar elements to incorporate anisotropy and the nonlinear
behaviour. These rebars would represent generalised collagen fibers and are
one-dimensional strain theory elements, that are superimposed on the shell el-
ement mesh used to model the cornea. We defined isoparametric rebars that
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Figure 5.8: Reference configuration of the model, frontal view: (a) Mesh of the cornea

— 3632 elements together with corneal limbus; (b) Eyeball: 1 – corneal profile, 2 –
scleral profile, 3 – corneal limbus, 4 – scleral limbus.

were aligned along the mapping of constant isoparametric lines in the element.
This means that direction of the mesh edges automatically detected the orien-
tation of the fiber sets. The mesh was specially designed in such a way that
it would capture two orthogonal fiber sets at the center and main circumferen-
tial fiber set at the corneal limbus, Figure 5.8(a). Microstructural models are
proposed by Newton & Meek (1998b); Meek & Boote (2004) to explain and
describe the distribution of the collagen in the eyeball, see Figures 2.7; 4.1.
We adopted a layering pattern of collagen shown in Figure 4.1. At each point
of the corneal limbus, the fibril set intersects – with a variable angle – one of
the two sets of the central lamellae. The orientation of the fibers is shown in
Figure 5.9.

Rebars rotate with the actual deformation and as a result of finite-strain
effects they remain aligned with the element isoparametric directions. The
adopted approach of modelling anisotropy with rebars has an advantage over
modelling the same aspect with anisotropic material properties,
since in the latter case under large shear deformation the anisotropic material
directions initially aligned with the element isoparametric directions are deter-
mined based on the average rigid body rotation of the material
point. This may result in difficulties understanding and interpreting the re-
quested output, Hibbit et al. (2004).

The corneal tissue, thus, is described as an anisotropic material, character-
ized by an isotropic matrix and two sets of reinforcing fibers, forming different
angles in different locations of the cornea. This approach is similar to the
one adopted by Pandolfi & Manganiello (2006). The internal variables related
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Rebar layer = REBAR1
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Figure 5.9: Rebar orientations in the cornea: two sets of family fibres: in the central
cornea – rebars parallel to the edges of the elements, at the limbus – circumferential
direction. (a) First family of fibres, (b) second family of fibres.

to material performance correspond to separated contributions of the linear
isotropic matrix and the hyperelastic rebars. To describe the behaviour of non-
linear generalised collagen fibrils, we needed to know the cross-sectional area of
each rebar and their spacing in the plane of the shell. Knowing these parameters
we can describe the rebar reinforcement, which is treated in ABAQUS as an ad-
ditional equivalent layer smeared on the shell. The total corneal cross-sectional
area A = Af + Ag , where Af and Ag are area of fibrils and ground substance
in the cross-section, respectively. According to Maurice (1984), the area ratio
is Af/(Af + Ag) ≈ 0.1, which means that Af ≈ 0.1A. Only 66% of collagen
fibrils are oriented, and calculating the cross-sectional area of the cornea (as
a difference of integrals of the curves, describing anterior and posterior cornea
surfaces), the total Af of oriented rebars can be evaluated. Assuming the spac-
ing between the rebars, s = 0.1 mm with known corneal geometry, the number
of rebars is computed. Later, the corresponding area of each rebar, Ar, is also
calculated as Ar = 44× 10−4 mm2.

Young’s modulus of the collagen fibrils in the fibril direction is of the order
of 1.0 GPa, Fung (1993), whereas the Young’s modulus of the ground substance
is only of the order of 10−5 GPa, Hjortdal (1996). Collagen material is almost
incompressible, and the cornea predominantly consists of water. Thus, Pois-
son’s ratio for the isotropic matrix is 0.5.
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Numerical Reproduction of Experimental Tests

To derive a constitutive relationship for the rebars as well as the elastic mod-
ulus for the ground material in which rebars were embedded, we recreated the
experimental tests: uniaxial on the corneal strips and bi-axial button infla-
tion tests on the whole corneas. For those tests, only the cornea model was
presented. Since there is a wide range of reported material parameters due
to differences in experimental protocols, conditions, localization of the strips,
levels of hydration, age, etc., an idealized cornea model is considered, being
symmetrical and representing a part of a spherical surface with radius of cur-
vature at the apex equal to Rc = 7.8 mm with a base diameter D = 11 mm.
No limbus was modelled in this simulation.

The initial configuration of the corneal model used to define the corneal
material properties is shown in Figure 5.11(a). The mesh consists of 2240
four-node doubly curved general-purpose shell elements with finite membrane
strains, available in ABAQUS, (type ’S4’). Preliminary, mesh was converged
with the respect to mesh density: 2240 quadrilateral elements was accepted as
sufficiently fine. The rebars aligned along the mapping of constant isoparamet-
ric lines in the elements within the mesh. The corresponding cross-sectional
area of each rebar was chosen as Ar = 44× 10−4 mm2 and their spacing in the
plane of the shell was equal to 0.1mm. It should be noted, that this cornea mesh
was specially designed to be similar to the proposed mesh for the generalized
cornea adopted for the GAT simulations. The differences were the absence of
limbus and and slightly different corneal geometry. Various assumptions for the
limbus and their influence on model outcome would be tested separately later.
Fine mesh was adopted for central part of generalized cornea, as we intended
to simulate GAT applanation. To model uniaxial and inflation responses, less
number of elements along nasal-temporal and superior-inferior diameters of
the cornea are sufficient, i.e. 3056 elements for ellipsoid cornea versus 2240 for
spherical cornea. It was proposed that if suggested simplified corneal model
was able to capture reported tissue behaviour under different loading with good
accuracy, derived material parameters for the rebars and surrounding isotropic
matrix could be adopted for proposed generalized cornea.

FE Recreation of the Strip Extensiometry

Engineering stress-strain curves obtained from uniaxial tests on excised strips of
the human corneas were fitted by an exponential function σ = A(eBε−1) using
a least squares method. The resulting constitutive relationships are shown in
Figure 5.10. A tangential elastic modulus (E) was calculated as the gradient
of the stress-strain relationship: E ≡ E(ε) = dσ/dε = A × BeBε.

The test setup for the strip extensiometry is simple, with a cut cornea spec-
imen attached to the grips of a tension machine and subjected to a gradually
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Figure 5.10: Plots of the stress versus strain from uniaxial tension tests on excised

strips of cornea. Experiments by Nash (1982); Hoeltzel et al. (1992); Zeng et al.
(2001); Wollensak et al. (2003) fitted into exponential curves.

increasing axial tension. However, this technique is limited, mainly due to the
cornea’s initially curved surface. It is shown that at least some of deficiencies
are possible to overcome by applying more sophisticated post-processing proce-
dures for deriving the material stress-strain relationship from test load exten-
sion data, Elsheikh & Anderson (2005). Nevertheless, the previously reported
studies, and, in particular, studies whose results are depicted in Figure 5.10,
adopt a simple straightforward procedure to determine constitutive material
relationships:

σ =
F

A
, A = wt, ε =

L − L0

L0

, (5.1)

where F is a axial tension, A is the cross-sectional area of the specimen, w is
the specimen width, t is thickness and L0 is original length.

On the first step the specimen of the cornea was cut in the horizontal
direction, Figure 5.11(b). The procedure adopted in numerical recreation of
extensiometry tests closely followed the experimental set-up adopted by Wol-
lensak et al. (2003) with the width of the corneal strip equal to 3 mm. During
the second step, a strip straightening was performed. Usually, during the tests,
some pre-stresses are applied to ensure that the strip is clamped horizontally
before the application of the uniaxial force. We simulated corneal straighten-
ing using an analytical rigid surface pressing into the strip. At the end of the
step the strip had taken a configuration shown in Figure 5.12(a). On the third
step, all the nodes at both edges were constrained to have the same displace-
ment in x direction. The displacement of the middle nodes (arrows) were then
prescribed to stretch. This technique allowed the total stretching force to be
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obtained directly as the reaction force at those nodes. All obtained data were
then substituted into the set of equations (5.1) and the constitutive relation-
ship for the rebars together with the elastic modulus of the ground matrix were
derived in such a way that the stress-strain relationship closely fitted the data
in Figure 5.10 after the proposed three steps. The needed material parame-
ters (i.e. constitutive relationship for the rebars and Young modulus for the
isotropic matrix) together with the corneal initial elastic modulus at 1% strain
are listed in Table 5.3.
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Figure 5.11: (a) Reference corneal configuration. Rebars are parallel to the edges of

elements; (b) First step: cut the specimen of the cornea.
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Figure 5.12: (a) Second step: straightening of the strip. Final configuration; (b)
Third step: applying the uniaxial force. Final configuration. Contours are drawn
on model with material data from Wollensak et al. (2003). Those contours show
distribution of maximum von Mises stresses within the corneal strip.
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Table 5.3: Material constants derived during the uniaxial tests on the corneal strips.

Constitutive relationship for rebars in exponential form σf = Af (eBf ε − 1). Here,
E0.01 – corneas tangent elastic modulus at 1% strain and Eg is a elastic modulus for
isotropic matrix.

Source Strain

Level

Af,

MPa

Bf E0.01,

MPa

Eg,

MPa

Nash (1982) 3% 0.9 27.0 3.63 1.2

Hoeltzel et al. (1992) 9% 0.5 34.5 1.51 0.3

Zeng et al. (2001) 20% 0.05 23.0 0.18 0.1

Wollensak et al. (2003) 14% 0.2 18.5 0.36 0.1

FE Recreation of the Whole Pressurized Eye

The button inflation tests are considered to be more accurate than strip test-
ing, since cornea is maintained in its natural condition and stress is bi-axial.
The specimen includes the cornea and a narrow ring of surrounding scleral
tissue, by which it is mounted on the test ring and subjected to a gradually
increasing posterior pressure. The data related to the applied pressure and the
corresponding apical displacement are monitored. Using mathematical anal-
ysis, the material constitutive relationship can then be derived. Figure 5.13
shows five resulting pressure-apical curves obtained by Bryant & McDonnell
(1996) during their inflation tests. The dispersion of the data in this case can
be explained by the difference in age and health conditions of the donors.

The material model and the finite element mesh from Figure 5.11(a) have
been used to simulate experiments by Bryant & McDonnell (1996). Regret-
tably, no geometrical data are available in their article to differentiate the
simulations; thus, we used our previously described corneal symmetric geom-
etry with Rc = 7.8 mm and D = 11 mm. During the simulations all nodes at
the limbus were constrained and the posterior corneal surface was loaded by a
uniform pressure, progressively growing from 0 to 30 mmHg. Figure 5.13 also
contains pressure-displacement plots obtained by our numerical simulations.
They are shown with the dotted lines and numbered (1 − 4). The curves of
numerical data can be chosen to lie with a good correspondence between any
experimental curves, depending on parameters A, B.
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Figure 5.13: Pressure-displacement curves, obtained from five tests on pressurized

eyes, Bryant & McDonnell (1996). They are shown with black solid lines. Fitted
simulation results (curves 1 − 4) are shown with the dotted lines, respectively.

Figure 5.14 shows nominal stress versus nominal strain exponential curves in
form σ = A(eBε − 1). These curves have been obtained from experimental
data on corneal trephinate inflation tests and fitted by an exponential function
using a least squares method. Numerical simulations recreating those tests have
been performed and pressure-apical displacement curves have been obtained.
Mathematical analysis based on the shell theory has been utilized to study
the behaviour of the corneal buttons. Analysis follows closely the one initially
proposed by Anderson et al. (2004); Elsheikh & Anderson (2005). Both in-plane
and out-of-plane stiffness components were considered, and it was assumed that
the cornea could be approximated as a homogeneous spherical structure, Vito
et al. (1989).

Overall equations needed to derive constitutive relationship for the
cornea from pressure-apical curves

After the pressure application, the corneal height, H , will increase by the apical
rise recorded experimentally

H = H0 + r. (5.2)
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Figure 5.14: Constitutive relationship for the cornea, reported by Woo et al. (1972b);

Bryant & McDonnell (1996); Elsheikh & Anderson (2005) during their inflation tests.

The corresponding corneal radius is obtained from

R =
1

2H

[

(

D

2

)2

+ H2

]

, (5.3)

where D is the corneal base diameter. Assuming no change in volume of ma-
terial in the cornea after loading,

2πR0H0t0 = 2πRHt. (5.4)

Therefore, the new average thickness, t, is

t =
R0H0t0

RH
(5.5)

Half central angle of curvature is

θ = sin−1

(

D

2R

)

. (5.6)

The values of R, p, t and θ are then substituted into the the final equation
relating the internal pressure to the apical rise,

r =
pR2

2Et
(1 − ν) −

νR

Et

pR

2
(1 − ν)e−βθ{cosβθ}, (5.7)
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where ν is a Poisson’s ratio, taken as 0.5 based on the incompressibility as-
sumption, β =

√

(R/t) · [3(1 − ν2)]1/4. For each set of p − r data from (5.7),
the corresponding modulus of elasticity, E, is derived. The meridian strain εϕ

at this level of loading is then obtained using

εϕ =
1

Et
(Nϕ − νNθ), (5.8)

where







Nϕ = pR
2

Nθ = pR
2

− pR
2

(1 − ν)e−βθ{cosβθ}.
(5.9)

Therefore,

εϕ =
pR

2Et
(1 − ν)(1 + νe−βθ cosβθ) (5.10)

The corresponding stress is then obtained using

σ = εE (5.11)

The results from each of the numerical inflation tests were analysed using this
procedure, giving a constitutive relationship for the cornea. Rebar stress-strain
relation in exponential form σf = Af (eBf ε −1) as well as an elastic modulus of
the embedded isotropic matrix were calibrated in order to ensure that result-
ing corneal constitutive relationship matched the ones reported by Woo et al.
(1972b); Bryant & McDonnell (1996); Elsheikh & Anderson (2005) and de-
picted in Figure 5.14. Four fitted experimental curves depicted in Figure 5.13,
were also analysed with the present mathematical analysis. Derived material
property constants are listed on Table 5.4.

Sclera

It is known that sclera is a typical biological tissue similar to the cornea but
stiffer. Collagen fibrils in sclera vary in diameter and thickness and are not
as uniformly distributed as in cornea. Since sclera is not used directly for the
applanation tonometry and since data on the tissue collagen reinforcements are
scarce, we modelled the sclera as a homogeneous shell. Nonlinear material data
on sclera obtained from the test on button inflation (Woo et al. 1972b), and
strip tension (Wollensak & Spoerl 2004) are summarized in Table 5.5.
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Table 5.4: Corneal material property constants used to derive four curves to fit data

from Bryant & McDonnell (1996), and represented in Figure 5.13 (curves 1 − 4), as
well as for the data shown in Figure 5.14. Here, Eg is an elastic modulus for the
isotropic matrix, while hyperelastic properties of the rebars are given in exponential
form σ = Af (eBf ε − 1). E0.01 is the cornea’s tangent elastic modulus at 1% strain.

Curves Af ,
MPa

Bf E0.01,
MPa

Eg,

MPa

1 0.001 90 0.012 0.04

2 0.005 70 0.041 0.04

3 0.01 70 0.025 0.04

4 0.005 90 0.036 0.04

Woo et al. (1972b) 15 0.65 0.135 0.04

Bryant & McDonnell (1996) 0.1 44 0.121 0.04

Elsheikh & Anderson (2005) 0.05 55 0.089 0.04

Table 5.5: Scleral material property constants reported by Woo et al. (1972b);

Wollensak & Spoerl (2004). Constitutive relationship in an exponential form:
σ = AS(eBSε − 1). E0.01 is the sclera’s tangent elastic modulus at 1% strain.

Source AS ,
kPa

BS E0.01

MPa

Woo et al. (1972b) 18 41.8 1.143

Wollensak & Spoerl (2004) 112.7 26.81 3.95

In the simulations performed, linear elastic material descriptions for the sclera
with different elastic moduli were introduced to investigate the effect of this
parameter on GAT readings. The optic nerve area was assumed to be totally
constrained during all the steps of the simulations to prevent any possible rigid
body motion, Figure 5.6.
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5.3.3. Loading Conditions

The ocular globe is filled with vitreous and aqueous humour and contains dif-
ferent structures such as focusing lens, iris and ciliary body. We are dealing
with the IOP, which is, by definition, a tension exerted by the contents of the
globe on the corneoscleral envelope. In the analysis, we chose to ignore all
additional components inside the eye, assuming that they do not significantly
affect the IOP. The eyeball was considered to be a cavity, filled with the vit-
reous and aqueous humour, which is represented as an incompressible gel-like
substance. For the simulation of tonometry in 3D, it was essential to take this
incompressibility into account: boundary conditions should be stated with a
constraint on the internal volume of the structure.

In general, the response of the eyeball depends not only on the external
loads but also on the pressure exerted by the intraocular fluid, which, in turn,
is affected by the deformation of the structure. To analyse this situation the
coupling between the deformation of the fluid-filled eyeball and the pressure
from the contained fluid on the cavity boundary is needed. The hydrostatic
fluid elements in ABAQUS provide this coupling and we used these to model
the fluid-filled inside of the eye. To ensure proper calculation of eye volume,
all boundary edges were completely enclosed with hydrostatic fluid elements
sharing the nodes with the boundary shell elements, which, in turn, consider
transverse shear flexibility and membrane strains. A cavity reference node with
a single degree of freedom representing the pressure inside was also defined on
the intersection of the vertical symmetry axis and eyeball equator, Figure 5.6.
We adopted the notion that the eye is completely filled with incompressible
fluid, which has the density of water at the body temperature, i.e. 994 kg/m3.
Later the density value would be varied to investigate the sensitivity of this
parameter.

Initially there is no contact between the tonometer tip and the eyeball.
To prevent rigid body motion the optic nerve area was totally fixed during all
the stages of the simulations. The tonometer head was modelled with rigid
solid elements. At the first preliminary step, the corneoscleral envelope was
pressurized by prescribing special boundary conditions at the cavity reference
node. This emulates the existence of IOP inside the eye and the fluid volume is
automatically adjusted to fill the eyeball cavity after the step. At the next step,
boundary condition was removed on the pressure degree of freedom, thus sealing
the eye with the current fluid volume. In addition, contact was established
between the tonometer and cornea. The final step was devoted to the GAT
simulation, similar to 2D case. In the three-dimensional model, simulation of
Goldmann tonometry was not limited to the central applanation, but extended
to the paracentral application of the tonometer tip, implying the appearance
of the error due to technique of procedure, see Figure 5.1. More details on
the modelling assumptions during the paracentral applanation are given in the
corresponding sections.
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5.4. Numerical Details

In both 3D and 2D modelling the incompressibility must be taken into consid-
eration. In 3D we avoided this problem by employing conventional thin shell
elements (’S4’ in ABAQUS) with ν = 0.5 for the eyeball and hydrostatic fluid
elements elements for the inside. Incompressibility of corneal material should be
treated with care in 2D, since continuum elements were used for the modelling.
Due to the incompressibility of the material, the solution cannot be obtained in
terms of the displacement history only, since a purely hydrostatic pressure can
be added without changing the displacements. The material exhibits behaviour
approaching the incompressibility limit: a small change in displacement pro-
duces very large changes in pressure. Therefore, a purely displacement-based
solution is too sensitive to be useful numerically. This difficulty is overcome in
ABAQUS by treating the pressure stress as an independently interpolated basic
solution variable, coupled to the displacement solution through the constitu-
tive theory and the compatibility condition. This independent interpolation of
purely hydrostatic pressure is the basis of the hybrid continuum elements, spe-
cially designed for almost incompressible materials, Hibbit et al. (2004). Such
hybrid elements were adopted for the simulations with axisymmetric models.

Material nonlinearity was employed for both the cornea and the rebars and
was implemented using a hyperelastic material model, available in ABAQUS.
It is described in terms of a strain energy potential, U(ε), which defines the
strain energy stored in the material per unit of reference volume as a func-
tion of the strain at that point in the material. There are several forms of
strain energy potentials available in ABAQUS, as is a possibility to evaluate
hyperelastic material behaviour with a particular U(ε) and compare with ex-
perimental test data. The experimental test data from Tables 5.2 – 5.5 were
evaluated to determine the optimal strain energy potential. It was found that
the forms by Marlow and Van der Waals provided reasonable behaviour. We
adopted the Marlow form of a strain energy potential for all nonlinear con-
stitutive relationships, since it was found that this strain energy potential:
(1) performed best in cases where limited sets of test data was available, and
(2) was specially constructed to reproduce the test data exactly and showing a
reasonable behaviour in other deformation modes, Hibbit et al. (2004).

Several elements available in ABAQUS were tested for both models. The
conclusion was that second-order reduced-integration hybrid elements
(CAX8RH) performed best in 2D, while four-node doubly curved general-
purpose shell elements (S4) had satisfactory performance in 3D. These were
adopted for the further simulations. To obtain accurate results, consideration
must be given to the element size and mesh density selection. Our problems
are geometrically nonlinear and for this type of analyses, in general, detailed
convergence tests are required. However, present simulations are consider-
ing quasi-static dynamics; thus, it can be assumed that a simple two-density
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mesh monotonic convergence test is enough for the model verification. Sev-
eral mesh densities were tested to achieve the optimal accuracy of the corneal
mesh for both models. Non-linear axisymmetric and three-dimensional analy-
ses have been performed and applanation force, required to achieve needed area
of contact was measured. The magnitude of this measured force was used as
a quantity to express mesh convergence. The predictions were obtained using
numerical models employing 1040, 2200 and 3860 quadrilateral axisymmetric
elements and 2000, 2935, 3632 four-node shell elements, respectively. For the
meshes with 2200 and 3860 elements in 2D the difference in calculated ap-
planation force was 3%, which can be compared with 9% difference in force
calculations for the same model when using 2200 rather than 1040 elements for
the mesh. It seemed that in the first case the accuracy of results was essentially
not improved, while in the latter case accuracy improvement was significantly
larger. In 3D improvements in results between 2000, 2935 and 2935, 3632 were
12% and 4%, respectively. We assumed that improvements in results by 3%
and 4% were small enough to propose the convergence of FEM solution with
respect to the mesh density. No further refinement of the meshes were con-
sidered necessary. Adopted meshes of 3860 and 3632 elements for 2D and 3D
models were accepted as sufficiently fine.

Initially, at the starting point of simulation, no contact exists between the
tip of tonometer and the cornea and all the structures were assumed stress-free.
Before the emulation of applanation tonometry, several preliminary steps were
required. In general, for any model, they were the following:

• IOP loading (15 or 21 mmHg);

• establishment of the contact between the GAT and cornea with the
avoidance of rigid body motion;

• simulation of applanation tonometry and contact analysis between the
anterior corneal surface and GAT tip. Deformation of the cornea by the
tonometer proceeded until the contact area became 3.06 mm in diame-
ter. At this area full applanation is achieved and applanating pressure
(IOPG) was calculated by dividing applanated force to the contact area.

Contact simulation is the third and the most important step in the analysis.
The contact constraint enforcement method between the tonometer head and
anterior corneal surface utilizes Lagrange multiplier degrees of freedom. This
method uses stiff approximation of hard contact as well as augmentation iter-
ations to improve the accuracy of the approximation. The contact algorithm
in ABAQUS is built around the Newton-Raphson technique, which solves the
nonlinear equations incrementally and iteratively by using the tangent stiffness
matrix. It examines the state of all contact interactions at the start of each
increment to establish whether master-slave gaps are open or closed. A con-
straint will be applied for each closed node and constraints are removed from
any node where the contact state changes from closed to open. Equilibrium
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iteration is then carried out and the configuration of the model is updated
using the calculated corrections. Before checking for equilibrium of forces or
moments, any changes in the contact conditions at the slave nodes are checked.
The contact constraints are modified to reflect the change in contact status
between iterations. The procedure is repeated until the iteration is completed
with no changes in contact status. This iteration becomes the first equilibrium
iteration and the normal equilibrium convergence checks are performed. The
entire process is repeated until convergence is achieved, Hibbit et al. (2004).

5.5. Parametric Analysis

All calculations were performed for two values of true IOP: 15mmHg and
21mmHg. The lower value has been chosen since it is a common value of
IOP within young and healthy population, Colton & Ederer (1980), while a
cut-off value of 21mmHg has been widely used to differentiate between normal
and abnormal IOP on statistical grounds, Shiose (1990). An extensive para-
metric study was carried out to evaluate the influence of biomechanical factors
on the final results. Also, the behaviour of the models under the different load-
ing cases of applanation was analysed. In summary, the model’s response to
the following parameters has been investigated:

• Material parameters:

– cornea;

– limbus;

2D: boundary conditions;
3D: corneal and scleral limbus variations;

– sclera (3D only);

• Geometric parameters:

– central corneal thickness (CCT) variation for valid material con-
stitutive models;

• Applanation technique:

– central applanation;

– paracentral applanation (3D only).
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5.5.1. Material Variation

Parametric simulations, which are the results of varying one parameter at a
time while holding the others constant, have been performed. For the hy-
perelastic axisymmetric model, material descriptions reported by Woo et al.
(1972b); Bryant & McDonnell (1996); Elsheikh & Anderson (2005); Fernandez
et al. (2005) were used to investigate the behaviour of the model under GAT
applanation. Also, the effects on the response of the models to variations in
the six material orthotropic parameters (E1, E2, E3, ν12, G12, G23) have been
considered. Each parameter has been varied as far as possible from their base-
line values (while not contradicting material stability conditions and verifying
that simulations could be performed successfully), see Table 5.1. The corneal
validated data from strip (Table 5.3) and inflation tests (Table 5.4) have been
used in different combinations with both linear and nonlinear scleral material
descriptions.

5.5.2. Geometric Variation

We concentrated on the central corneal thickness (CCT), as the majority of
experimental studies clinically analyse this parameter, giving its average value
and range of variation. The natural variation of CCT in a population was
estimated in a number of studies, including Wolfs et al. (1997), who reported
values between 427 and 620 µm, Doughty & Zaman (2000) with the range
473–597 µm, and Feltgen et al. (2001) with the range of CCT between the
448–713 µm. To demonstrate the overall trend CCT was varied between 350
and 750 µm in the present study, well beyond the natural range. The average
values of CCT slightly vary between the studies, being from 520 to 550 µm,
(e.g. Shah 2000). We assumed mean CCT equal to 537 µm as proposed by
Wolfs et al. (1997).

For the 2D case, CCT variation for two different models (linear orthotropic
and nonlinear isotropic) with various material descriptions were investigated,
while in 3D CCT influence on the results was monitored for every valid material
constitutive model and for all three applanation techniques.

5.5.3. Variation in Applanation

In 3D, different techniques for modelling applanation have been considered.
After the loading with IOP, corneoscleral envelope assumed distorted shape
and the recorded tonometer-cornea contact area was the one of ellipse, see
Figure 5.15(a).
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To calculate IOPG correctly we adopted the clinical method by Goldmann
(1955), of averaging tonometer readings by orienting the tonometer head at an
angle of 43o to the long axis of an ellipse (which happens to be a horizontal
meridian in corneal frontal plane). In terms of modelling, it means that when
the contact between tonometer and cornea was achieved at point A, cornea
was considered fully applanated, applanation force was calculated and IOPG
computed.

43

A

o

(a) (b) (c)

Figure 5.15: Description of different applanation techniques. (a) – tonometer-
cornea contact area in 3D during the central application of tonometer. Full
applanation is occurred when contact at point A is achieved. (b) – tonometer
is shifted along the horizontal meridian. (c) – tonometer is shifted along the
horizontal meridian as well as rotated on 5o.

Along with the central applanation, GAT contact with the peripheral cornea
was modelled. Two cases of paracentral applanation were considered. First,
center of tonometer head was displaced by 5% of the nasal-temporal corneal
radius, Figure 5.15(b). The value of the proposed displacement was 0.294 mm.
Only deviations along the horizontal meridian were examined. Since cornea
is convex and full applanation occurred when contact at point A is achieved,
it is interesting to investigate how tonometer readings are influenced by de-
viations in different directions. Thus, two simulations were considered with
displacements in both directions of the frontal plane, i.e. nasal and temporal.

The initial idea behind the second simulation of paracentral GAT was to
examine the error occurring in tonometer readings when the tonometer tip
contacts peripheral cornea perpendicular to the curve of the cornea. However,
since several material descriptions for the corneoscleral envelope were utilised,
cornea curvature after the application of IOP was different in various cases. We
simplified the problem: tonometer tip was shifted by 5% of the initial corneal
radius and also rotated on 5o from the anterior-posterior central axis. The an-
gle of 5o was chosen from the preliminarily analysis, as for all adopted corneal
and scleral descriptions, tonometer, rotated by this angle and situated 0.3 mm
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(i.e. 5% of the initial corneal radius) from the center was approximately perpen-
dicular to the corneal horizontal meridian. The accuracy of this approximation
from different material data for the eyeball tissues was not investigated. Ro-
tations and displacements were applied in different directions, similar to the
previous simulation. Totally, five cases of GAT procedures were simulated.
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Chapter 6

Results

Two-Dimensional Model

An example of base and resulting configurations of the model after GAT is
shown in Figure 6.1. After cornea inflation under full IOP, the model was sub-
jected to the contact pressure from the analytical solid surface, until the contact

1

2

3

Figure 6.1: GAT procedure. Wireframe is an initial configuration and mesh is the
final configuration of the model after the application of IOPT= 21mmHg and full ap-
planation. Hatched square represents a tonometer tip in contact with all the necessary
nodes at the end of GAT. Nonlinear homogeneous model with in vivo geometric cali-
bration parameters and material description based on data from Elsheikh & Anderson
(2005) was used for the example.

99
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area became 3.06 mm in diameter, representing a tonometer tip. This area was
considered a full applanation and the closure of gap between the tonometer
and the corneal anterior surface was continuously monitored to determine the
loading level, for which needed area of contact was achieved.
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Figure 6.2: Stress distribution following the application of IOPT =21mmHg. Con-
tours are drawn on undeformed geometries with initial corneal apex thickness equal
to 560µm. (1) — hyperelastic homogeneous isotropic model with material description
based on data from Elsheikh & Anderson (2005), see Table 5.2. (2) — elastic het-
erogeneous orthotropic model with material description from Table 5.1. Stress range:
red=38.5 kPa, blue=0.0 kPa.

At first, the cornea was loaded with a uniform pressure distribution, taken to
be 0.002 MPa and 0.0028 MPa, which were equivalent to a pressure of either 15
or 21 mmHg. This preliminary step included physiological stresses which exist
in all in vivo eyes. The initial stress-free shape of the corneas with different
material descriptions was obtained by calibration and manually adjusted to fit
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the known in vivo geometry of the tissues (see Chapter 5, page 76). Clearly,
the final corneal stress distribution after GAT depends on the magnitude of the
pre-stresses which appeared during IOP-loading step. In turn, the stress distri-
bution following the application of IOP relies on the tissue material description.
Two main material models were considered: (1) – hyperelastic isotropic and
(2) – elastic orthotropic models.

(Avg: 75%)
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Figure 6.3: Stress distribution following full applanation under IOPT = 21mmHg.
Contours are drawn on original undeformed geometries with in vivo geometric cali-
bration parameters. Top figure shows hyperelastic isotropic model with material de-
scription based on data from Elsheikh & Anderson (2005): (a) – stresses due to IOP,
(b) – stresses due to GAT; bottom figure shows elastic heterogeneous orthotropic
model with material parameters from Table 5.1: (c) – stresses due to IOP, (d) –
stresses due to GAT. Stress range: red=58 kPa, blue=0.0 kPa.

An elastic orthotropic model also consisted of five layers through its thickness
with different material properties. Figure 6.2 shows the stress distributions
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recorded after the application of IOP for those two material models. Although
maximum stress values seemed to appear at the posterior corneal surface for
both models, the stress distribution patterns through the corneal thickness were
different.

The applanation force required to fulfill GAT requirements for obtaining a
3.06 mm diameter of the contact region was measured; the corresponding ap-
planated IOPG was calculated by dividing it to the contact area. The stress
distributions recorded during different steps of simulation for both cases are
shown in Figure 6.3. It was observed that increases in stresses after the GAT
procedure occurred near the tonometer contact area with limited effects else-
where. Since changes in stresses were quite small at the periphery, it could be
expected that boundary conditions at the limbus did not have a major influence
on the model behaviour. In order to check this assumption additional simula-
tions were performed. Similar results were observed for both orthotropic and
hyperelastic models. The numerical estimation of the effect of limbus bound-
ary conditions on IOPG measurements by nonlinear hyperelastic model with
material data from Elsheikh & Anderson (2005) is shown in Figure 6.4. It is
evident that the boundary effect is not of major significance for the present
model. This prediction is consistent with the results received by Elsheikh et al.
(2006).
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Figure 6.4: Comparison between hyperelastic cornea models with material data from

Elsheikh & Anderson (2005) and different limbus boundary conditions. Full fixation,
hinge and roller supports at the edge nodes in an inclined direction, perpendicular to
the initial mean surface of the shell.

The contact stress distribution between the tonometer and the corneal anterior
surface was also monitored during the progress of applanation. The location
of maximum contact stress changed with the application of GAT in a similar
manner as reported by Elsheikh et al. (2006). In particular, stress was highest
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initially at the corneal apex, where the contact was initiated. As applanation
progressed, the area of highest contact stresses shifted away from the center
and were located at approximately two thirds of the tonometer radius at full
applanation, Figure 6.5.

CPRESS
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Figure 6.5: Distribution of contact pressure on the corneal surface with the progress
of applanation. Figure shows contours drawn on model with original undeformed
geometry in nonlinear case using material description based on data from Elsheikh &
Anderson (2005) and in vivo geometric calibration parameters. Contact stress range:
red=6.6 kPa, blue=0.0 kPa.

6.1. Parametric Study 1: Variation of Material
Properties

One of the axisymmetric models represents a finite kinematics, nearly incompres-
sible, linear orthotropic model to describe the mechanical response of stroma.
In general, orthotropic materials are characterized by nine material engineering
constants which are related to the stiffness of the tissue. Here, due to initial
modelling assumptions, the number of independent parameters is reduced, since
ν12 = ν13, G12 = G13 and ν23 = 0.5 for all simulations. An extensive para-
metric study was performed to evaluate the influence of each six remaining
material parameters, i.e., E1, E2, E3, ν12, G12, G23 on the performance of the
model.

It should be noted that due to the significant experimental data scatter and,
sometimes, even the absence of meaningful ranges of data, the achievement of
quantitative results was not the ultimate goal for the current numerical exercise.
Present simulations were devoted to the observation of the behaviour pattern
of the model, and the aim was to study the dependence of IOPG readings on
the variation of one material parameter at a time, while the others were held
constant. Thus, the most important outcome of the current parametric study
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is the sensitivity of IOPG measurements, not the IOPG values themselves. Ini-
tially, corneal orthotropic constants were chosen as reported in Table 5.1. The
transition in dominant stiffness from apex to limbus was included in the model
(i.e. variations of meridional vs circumferential corneal moduli) as depicted in
Figure 5.4(a). Pre-stresses were included in the model and before GAT appli-
cation, cornea had represented a shell with in vivo geometric characteristics
such as calibration geometry. A model with these reference material parame-
ters, and calibration geometry obtained after application of IOPT, was adopted
as the primal model for this parametric analysis. The sensitivity of resulting
IOPG was determined from the baseline intraocular pressure values, calculated
from this fundamental model. In the following we denote by E10, E20, E30

the adopted initial respective moduli average for all layers thorough the cornea
thickness, see last row in the Table 5.1. Those would be used as markers at
the x-axis showing variation of parameters span. E1, E2, G12 were related to
the reference meridional modulus; thus, they were to be expressed in terms of
E30. Since some initial assumptions as well as modelling procedures can be
called into question, all simulations were done with maximum possible ranges
of parameter variations, in a manner that quantities were chosen 1) to meet
initial assumptions and be comparable with values found in literature; 2) to
meet the requirements of material stability and 3) to give successful numerical
simulations without any unexpected abrupt stops and errors.

Parametric simulations for each of the characteristic quantities have been
performed and data points (calculated IOPG vs investigated parameter) were
fitted to high-order polynomial functions, using a least squares procedure. Pre-
dicted span of results was obtained as well as IOPG variation per ±10% change
of each variable from their respective baseline values. For the final estimation
of the degree of influence of each parameter on model behaviour, the rate of
IOPG change with respect to the independent quantity was calculated. Results
were summarized and are shown in the respective tables.

6.1.1. Elastic Radial Modulus — E1

E1 is the modulus of elasticity in the direction perpendicular to the corneal
plane and its value is much smaller than the other elastic moduli, Hanna et al.
(1992); Deenadayalu et al. (2006). Initially, it was assumed to be 1% of the
in-plane meridional modulus E30, which, in turn, had the same range of re-
ported experimental values as the circumferential modulus E20. Simulations
were carried out and E1 was varied, while other quantities were fixed at their
baseline values. The relation between IOPG readings and variation of radial
corneal modulus indicate rather complex behaviour, see Figure 6.6. In order to
investigate the influence of E1, we divided the obtained distributions into two
apparent regions, where IOPG values increased at different rates. In the first
region E1 ∈ [E30/200; E30/2], while in the second region E1 ∈ [E30/2; 5×E30].
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Whereas numerical simulations were successfully completed for E1 higher than
E30, it would be unjustified to choose any of these values for the upper bound-
ary. According to the published sources, radial elastic modulus is equal to
or, which is more likely, much smaller than elastic moduli in other directions
due to the arrangement of collagen fibers in the cornea. In Figure 6.6, upper
limit of E1 = 5×E30 is used for illustration purposes only to show the overall
behaviour trend in the second region. One can observe that starting from the
point when stiffness in corneal thickness direction is equal to stiffness in hoop
direction the change in IOPG is nearly linear and rather small. In general, the
range of E1 was bounded from above by E30 and from below by 0.005 · E30.
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Figure 6.6: Dependence of the predicted IOPG readings by linear orthotropic model

on corneal radial modulus E1 alone. Average E1 was varied between 0.5–500% of
E30, i.e. E1 ∈ [0.0018; 1.811] MPa.

The first proposed region is particularly interesting due to the fast change of
IOPG measurements with parametric variation of E1. At first, the obtained
data points within this region were fitted by a single nonlinear function. How-
ever, resulting curves did not approximate predictions with necessary accuracy,
see Figure 6.7 (top). The region was again divided into two parts (1a, 1b),
and received IOPG were fitted separately by different high-order polynomial
curves, Figure 6.7 (bottom). Results are summarized in Table 6.2. From now
and in the following, dash-dot red vertical lines in figures represent boundaries
of parameter deviations within considered region, while dotted black vertical
line represents the reference adopted value of investigated quantity. This par-
ticular reference value is either an adopted initial baseline value (e.g. E10,
which is located in (1a) region and equal to 1% of E30), or an average value
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in the middle of the chosen range (e.g. in (1b) region it is 26% of E30). Those
reference values for design variables were also used when calculating the effects
of parameters variation on the accuracy of GAT readings, Table 6.2.
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Figure 6.7: Influence of corneal radial modulus (E1) on IOPG measurements by
linear orthotropic models in the first region. Top figure shows data points and fitted
second-order polynomial curves for IOPT of 21mmHg (white circles & solid line) and
15 mmHg (filled circles & dashed line). Bottom figure shows fitted polynomial curves
in two regions, separately. (a) = (1a) region, where E1 is within the 0.5–2.5% of E30,
i.e. E1 = [0.0018; 0.0091] MPa; (b) = (1b) region, where E1 is within the 2.5–50%
of E30, i.e. E1 ∈ [0.0091; 0.181] MPa.
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6.1.2. Other Elastic Moduli — E2, E3

E2 is the modulus of elasticity in corneal hoop direction with values situated
between 0.005 and 10 MPa, Table 4.1. Elastic meridional modulus E3 is as-
sumed to be within the same range. According to the adopted assumptions,
the condition E2 ≤ E3 must hold true at the corneal apex to ensure the cor-
rect distribution of the meridional strain after IOP, Hjortdal (1996). Here, E2,
E3 at apex were given primary moduli, and stiffness transition with distance
was calculated at any point of cornea using these values. Thus, the upper end
of the possible span for E2 was restricted by baseline E30. Similarly, when
investigating influence of E3, the lower boundary of possible range of values
was equal to E20. Those two special cases, (when E2 = E3) were occurrence
of transversal isotropy, since G12 = G13, ν12 = ν13 for all layers. The lower
limit for E2 was equal to E20/2, whereas the upper limit for E3 was equal to
2× E30. When parameters were outside those boundaries, converged solutions
of FEM analyses were not achieved.
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Figure 6.8: Influence of corneal circumferential modulus (E2) on IOPG measure-

ments by linear orthotropic models. Average E2 was varied between 36.2–100% of
E30, i.e. E2 ∈ [0.131; 0.362] MPa.

The effects of E2 and E3 alone were investigated independently, keeping the
rest of material constants fixed. Resulting relationships for each modulus and
consequent IOPG readings were fitted by nonlinear polynomial functions, sep-
arately. They are shown in Figures 6.8 – 6.9. One can see that when average
meridional modulus increases, IOPG measurements increases. In turn, with
increasing value of average circumferential modulus IOPG readings decreases.
Those two relationships are well approximated by second-degree polynomial
functions.
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Figure 6.9: Influence of corneal meridional modulus (E3) on IOPG measurements

by linear orthotropic models. Average E3 was varied between 72.4–200% of E30, i.e.
E3 ∈ [0.262; 0.724] MPa.

6.1.3. Span of Results for Elastic Components

The baseline model was the one with material properties derived from Table 5.1:
E10 = 0.01 E30, E20 = 0.724 E30, whereas E30 = 0.362 MPa. To facilitate com-
parisons between the effects of any elastic moduli on IOPG measurements, each
of characteristic quantities was defined by a perturbation ratio with respect to
the primary reference value. For radial modulus E1 only (1a) region was con-
sidered, since baseline value was small, see Chapter 6.1.1. Resulting curves for
IOPT = 15 mmHg are shown in Figure 6.10. Similar pattern was observed un-
der the loading of 21 mmHg with slightly higher resulting variations of IOPG.
From Figure 6.10 one can see that sensitivity comparison within one region
can be performed only for maximum 50% range of design parameters. For ex-
ample, if circumferential modulus left those boundaries, the material stability
requirements would be violated. Thus, results are summarized in Table 6.1 for
perturbations of ±25% and ±50% for every design quantity.

With our adopted assumptions, the influence of E1 was slightly larger
than that of E3. The smallest effect on IOPG measurements was produced by
changing the elastic circumferential modulus E2. Overall behaviour of those
functions were comparable: for 25% change in each variable, the difference in
predicted IOPG was about half of that for 50% change.
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Figure 6.10: IOPG readings versus elas-
tic corneal orthotropic moduli variation,
E1, E2, E3. True IOPT = 15 mmHg.

IOPT ∆ 25% ∆ 50%

E1 15 2.55 5.10

21 2.90 5.80

E2 15 1.62 3.24

21 1.70 3.41

E3 15 2.14 4.27

21 2.20 4.40

Table 6.1: Sensitivity of IOPG readings

due to deviations within [−25%; +25%]
and [−50%; +50%] of initial primary val-
ues in three moduli. ∆ is total varia-
tion in predicted IOPG [mmHg] between
upper and lower ends of characteristic
quantities.

6.1.4. Poisson Ratios — ν12

This model operates within the linear elasticity theory, so −1 ≤ ν12 ≤ 0.5. Dur-
ing the problem formulation, for simplicity, we assumed that material was ”al-
most transversally isotropic” in plane 2− 3. By that we implied that Poisson’s
ratios and shear moduli obeyed the transversally isotropic law, but the elastic
components were different, however not by much (i.e. E20 = E30 − 0.1 MPa).
Also, for all layers ν12 = ν13. Taking into consideration the incompressibility of
cornea as well as the fact that ν23 = 0.5 and E1 being about two orders of mag-
nitude smaller than E2 (or E3), the range of Poisson’s ratios at which material
stability requirements were fulfilled should be |ν12| ≤ 0.05, see Chapter 5.2.2.
The adopted baseline value of ν120

= 0.01. When parametric simulations were
performed, ν12 was found to belong within the range [−0.04; 0.03]. Resulting
points fitted by nonlinear curves are shown in Figure 6.11. In further sensitivity
study we consider only ν12 ≥ 0.

6.1.5. Transverse Shear Modulus — G12

In comparison with the elastic material data, not even a rough guide of pos-
sible magnitudes for the transverse shear corneal modulus was found in the
literature. For simplicity, we assumed that G12 = G13 for all layers thor-
ough the cornea thickness. Reference value was adopted to be G120

= E30/5.
Parametric simulations were carried out and the relationship between IOPG
readings and variation of transversal shear corneal modulus was determined,
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Figure 6.11: Influence of corneal Poisson ratios (ν12) on IOPG measurements by
linear orthotropic models, −0.04 ≤ ν12 ≤ 0.03.

Figure 6.12. Both upper and lower limits for the range of G12 were obtained:
G12 ≥ E30/10 — a condition for the existence of converged solutions and
G12 ≤ 200 × E30 — a condition for avoidance of discontinuous jumps in con-
tact pressure between the cornea and the tonometer tip. Similar behaviour
pattern has been observed previously when the influence of elastic radial mod-
ulus E1 was investigated, Figure 6.6. For smaller parameter values the rate of
IOPG change with respect to the independent quantity was more pronounced
than for the larger parameter values. Although the overall trends of behaviour
for G12 and E1 were similar, the actual alterations in IOPG were much smaller
for a variation of G12 than for E1. To explore the effect of shear transverse
modulus on the model outcome, the same procedure as for E1 was utilized:
the region was divided into two apparent parts (1, 2) depending on the rate of
increase in IOPG predictions with increasing values of G12. In the first region
G12 ∈ [E30/10; 25 × E30], while in the second G12 ∈ [25 × E30; 200 × E30].
Again, the relationship between shear transverse modulus and IOPG within
the first proposed zone could not be approximated by only one high-order
polynomial function with needed accuracy, see Figure 6.13(top). Therefore, we
again divided the proposed region (1) into two parts (1a, 1b) and fitted them
separately by different nonlinear curves. Within (1b) and (2) zones, the influ-
ence of G12 on predicted IOPG is nearly linear, see Figure 6.12–6.13 (bottom,
(b)). Since G12 variation range is unknown, all three sub-regions are of inter-
est. Overall influence on IOPG readings produced by this material constant
alone is estimated to be around 4.5 mmHg with all adopted assumptions, see
Table 6.2.
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Figure 6.12: IOPG values from a parametric variation within the possible range of

corneal transverse shear modulus (G12) by linear orthotropic models. Average G12

was varied between 10% and 20 000% of E30, i.e. G12 ∈ [0.036; 72.44] MPa.

6.1.6. In-Plane Shear Modulus — G23

The baseline value for in-plane shear modulus G23 was chosen as 0.9 MPa.
This parameter was varied quite extensively, from 0.001 MPa to 900 MPa. The
observed difference in resulting IOPG during this simulation was within 1%,
which was considered insignificant, with the conclusion that G23 variation does
not significantly affect the results.

6.1.7. Sensitivity Study

Variation of different corneal biomechanical variables and their influence on
estimated GAT measurements within considered regions are summarized in
Table 6.2. In the table, ∆ is the total variation in predicted IOPG readings
between the lower and upper ends of the range for each parameter. Next two
columns represent changes in IOPG per 10% change from the chosen reference
value: column with +10% shows change in fitted IOPG per 10% increase in
parameter, whereas column with -10% shows change in fitted IOPG per 10%
decrease in parameter. When the magnitude of orthotropic material constants
increases, IOPG measurement increases. The exception is circumferential elas-
tic modulus, whose variation is well approximated with decreasing function.
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Figure 6.13: Influence of corneal transverse shear modulus (G12) on IOPG mea-
surements by linear orthotropic models in the first region. Top figure shows data
points and fitted second-order polynomial curves for IOPT of 21mmHg (white circles
& solid line) and 15 mmHg (filled circles & dashed line). Bottom figure shows fitted
polynomial curves in two regions, separately. (a) = (1a) region, where G12 is within
10–200% of E30, i.e. G12 ∈ [0.0362; 0.724] MPa; (b) = (1b) region, where G12 is
within 200–2 500% of E30, i.e. G12 ∈ [0.724; 9.06] MPa.

As baseline values for material properties depended on E30, their total variation
ranges could also be rewritten and stated in terms of E30: E1 ∈ [0.005; 1] E30,
E2 ∈ [0.362; 1] E30, E3 ∈ [0.724; 2] E30 and G12 ∈ [0.036; 72.44] E30.
When estimating the overall sensitivity of the model to the alterations of or-
thotropic constants, (i.e. summation of ∆ for all possible regions for every
parameter), the largest effect on IOPG was produced by variations in the elas-
tic radial modulus E1, the meridional modulus E3 and the shear transverse
modulus G12. The effect itself was not uniform, but depended on sub-region
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Table 6.2: Variation of different corneal biomechanical variables and their influence
on IOPG reading.

Parameter Variation IOPT ∆ +10% -10%

E1

1a) [E30/200; E30/40] 15 7.11 0.50 0.53

E1ref = 0.01× E30 21 8.47 0.56 0.60

1b) [E30/40; E30/2] 15 7.80 0.40 0.47

E1ref = 0.26× E30 21 9.80 0.50 0.59

2) [E30/2; E30] 15 0.61 0.09 0.09

E1ref = 0.75× E30 21 0.66 0.10 0.10

E2

E2 ∈ [E20/2; E30] 15 3.20 0.29 0.36

E2ref = E30 − 0.1 21 3.35 0.31 0.37

E3

E3 ∈ [E20; 2 × E30] 15 7.31 0.45 0.41

E3ref = 0.362 MPa 21 7.02 0.46 0.43

ν12

ν12 ∈ [0; 0.03] 15 2.9 0.09 0.09

ν12ref = 0.01 21 2.8 0.09 0.09

G12

1a) [E30/10; 2 × E30] 15 2.94 0.07 0.07

G12ref = 0.2× E30 21 2.71 0.07 0.07

1b) [2 × E30; 25× E30] 15 0.50 0.03 0.03

G12ref = 13.5× E30 21 0.47 0.03 0.03

2) [25×E30; 200×E30] 15 0.84 0.05 0.05

G12ref = 113× E30 21 1.03 0.06 0.07

Overall average parametric ranges at the corneal apex: E1 ∈ [1.8; 362] kPa;

E2 ∈ [131; 362] kPa; E3 ∈ [262; 724] kPa; G12 ∈ [0.0362; 72.44] MPa. All other mea-

sured units are in [mmHg].
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divisions. The highest rate of IOPG change for variations of the radial modulus
was achieved with values from (1a) and (1b) regions, whereas estimated degree
of influence of the transverse shear modulus was highest at (1a) and (2) regions.
The chosen reference value for each independent quantity was either adopted
baseline value, when it was within the considered variable span (i.e. E1ref = E10

and G12ref = G120
both for respective (1a) region; E2ref = E20; E3ref = E30;

ν12ref = 0.01), or value in the middle of the possible range within the region
when sub-divisions existed (i.e. E1ref and G12ref in the zones (1b) and (2)).

6.1.8. Co-Variation of Moduli with the E3

Previously, we independently investigated the sensitivity of the model to the
variation of one quantity at a time. Each design variable was perturbed, while
the rest of them were kept unchanged. It was assumed that reference values
of E10, E20 and G120

were dependent on E30 and initially evaluated from the
following equations: E10i = E30i/100, E20i = E30i − 0.1 and G120i = E30i/5,
where i was layer’s number, from 1 to 5 through the corneal thickness. A
further study investigated the co-variation of elastic constants, i.e. the model
response to the dependent chain of quantities.
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Figure 6.14: Influence of co-variation of E10, E20 and G120
with the initial meridional

modulus (E30) on IOPG measurements by linear orthotropic model, E30 ∈ [0.262;∞].

The value of E3 was changed and adopted as a new reference value for E30.
Thus, related engineering constants E10, E20 and G120

were changed according
to their definitions. Other independent parameters were kept fixed. Different
ranges should be considered for the E3 in this analysis in comparison with
previous simulations on investigation of sensitivity of meridional modulus alone.
E3 cannot be very small, since by assumption E1 is 1% of E3. A low value for
E3 would cause problems with converging the FEM solution already on the IOP
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loading step. By calibration simulations, the lowest boundary limit for E3 with
achieved converged solution was found to be 0.7×E30. The relationship between
IOPG and variation of E30 together with all dependent on E30 parameters are
shown in Figure 6.14. The resulting behaviour is well approximated with linear
function. When material behaviour is linear and all elastic constants are varied
together by similar equation, the proportional results are rather expected. It
can be concluded that the relation between moduli is affecting the results to
an equal degree as the absolute values.

6.2. Parametric Study 2: Variation of CCT

Simulations with both hyperelastic and orthotropic models were performed pre-
dicting for all material descriptions nonlinear relations between central corneal
thickness (CCT) and IOPG readings. Measured variations of IOPG with CCT
were fitted to the second-order polynomial and shown in Figures 6.15–6.16. The
adopted mean value of CCT of 537 µm was used to calculate the effect of CCT
on the accuracy of GAT measurements, since the relationships were nonlinear.
Here, on the x-axis of all the figures corneal thickness is the one measured in
vivo. It is not the adopted initial thickness before simulation, but is the one af-
ter the application of IOP. Results are summarized in Tables 6.3– 6.4, together
with the measured ranges of errors.
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Figure 6.15: Influence of corneal central thickness (CCT) on IOPG measurements
by nonlinear hyperelastic models, with material descriptions reported by Woo et al.
(1972b); Bryant & McDonnell (1996); Elsheikh & Anderson (2005); Fernandez et al.
(2005). (a) True IOP = 15 mmHg; (b) True IOP = 21 mmHg.

The outcomes of four cases of orthotropic models were analysed, chosen specif-
ically to investigate the material engineering constants of major influence on
the results, as discussed above. These orthotropic parameters were E1, E3, and
G12, see Table 6.2. The whole descriptions of examples are the following:



116 6. RESULTS

• Case 10 — model with initial assumptions. E30i are taken from Fernan-
dez et al. (2005), E1i = E30i/100, E2i = E30i −0.1 MPa, G12i = E30i/5,
where i = (1; 5), i is layer number. Also, ν12 = ν13 = 0.01, G12 = G13,
G23 = 0.9 MPa for all layers, see Table 5.1;

• Case 2E1 — E1i is double than that in Case 10, whereas the rest of
parameters are the same, E1i = E30i/50;

• Case 3G — G12 is twenty times larger that in Case 10, whereas the
rest of parameters are the same, G12i = 4× E30i;

• Case 4E3 — E3i is one and a half times larger that in Case 10, whereas
the rest of parameters are the same, E3i = 1.5 × E30i;

In general, the measured error spans are within the previously reported clini-
cally possible range of error, see Table 3.2. For the nonlinear isotropic material
models the deviations of IOPG with thickness are larger than for the linear
orthotropic models. Considering the outcome of simulations with isotropic
hyperelastic corneas, one can observe that changes in IOPG predictions with
thickness were the largest for the models based on Fernandez et al. (2005) and
smallest for the models based on Elsheikh & Anderson (2005).
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Figure 6.16: Influence of corneal central thickness (CCT) on IOPG measurements

by linear orthotropic model. Cases 1 – 4 are specified in the text. (a) True IOP =
15 mmHg; (b) True IOP = 21 mmHg.

Regarding models with linear orthotropic constants, the smallest CCT effect
was observed in case 1, which was consistent with the previous parametric
study. Much larger influence was reported in other cases, signalizing the de-
pendence of the slope of the corneal thickness effect on the magnitudes of the
different moduli.
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Table 6.3: Results on the changes on CCT and corresponding changes in IOPG from
the isotropic hyperelastic models.

Material data for the

model

IOPT ∆ ↗ in IOP

per 10 µm
change in

CCT

↘ in IOP

per 10 µm
change in

CCT

Woo et al. (1972b)
15 10.95 0.268 0.262

21 11 0.269 0.261

Bryant et al. (1996)
15 9.45 0.232 0.226

21 11.46 0.281 0.273

Elsheikh et al.(2005)
15 7.21 0.177 0.174

21 8.47 0.21 0.208

Fernandez et al. (2005)
15 13.40 0.330 0.324

21 13.82 0.339 0.332

Symbols: ↗ – increase, ↘ – decrease. ∆ is total variation in predicted IOPG readings

due to the change in corneal thickness from 350 µm to 750 µm. Unit for all columns

is mmHg.

Table 6.4: Results on the changes on CCT and corresponding changes in IOPG from
the linear orthotropic models.

Material cases for

the model

IOPT ∆ ↗ in IOP

per 10 µm
change in

CCT

↘ in IOP

per 10 µm
change in

CCT

Case 10

15 3.77 0.095 0.096

21 2.50 0.061 0.060

Case 2E1: 15 7.18 0.182 0.184

E1 = 2 × E1Case 10
; 21 5.77 0.146 0.148

Case 3G: 15 7.08 0.178 0.180

G12 = 20 × G12Case 10
; 21 6.04 0.148 0.145

Case 4E3: 15 5.37 0.138 0.142

E3 = 1.5 × E3Case 10
; 21 3.91 0.099 0.100
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Three-Dimensional Model

For the investigation of separate effects of each biomechanical property, the
following three-dimensional model was used. It was based on the corneal initial
geometric parameters Tapex0 = 520 µm, Tlimbus0 = Tapex0 + 150 µm and Rc0 =
7.8 mm. This is a fundamental geometric model of the cornea in 3D. The
current calibration geometry is the same as in 2D, however, whereas in 2D this
configuration is achieved in vivo and represents a deformed state, here it is a
primary reference stress-free state of the cornea, and, consequently, a stress-
free state of the whole eyeball. Obviously, we are not to forget about this
model deficiency, since after IOP loading certain changes in the geometrical
configuration of the corneoscleral envelope are observed. The drawbacks of
the present assumptions about initial configuration are considered in details
further.

43

A

o

Figure 6.17: Corneal astigmatism affects tonometer-corneal contact, causing an el-
lipse contact area. IOPG is calculated when contact at point A is achieved.

By ”corneal profile” and ”cornea” we always refer to the corneoscleral intersec-
tion, the geometry of which includes cornea with corneal limbus, unless stated
otherwise. Corneal limbus (where all reinforcement rebars are in hoop direc-
tion) is not uniform around its circumference; its horizontal width is equal to
0.75mm, whereas the vertical width is 1.06mm. The corneal profile in frontal
(xy) plane is elliptical, with the horizontal radius being 10% larger than the
vertical radius, i.e. 5.9mm versus 5.3mm. Originally, we constructed cornea
in such a way that it had the same central curvature in any meridian direction.
As cornea is more compliant than sclera, deformations and stresses in the for-
mer are significantly larger. After the loading by an intraocular pressure, the
corneoscleral envelope had a distorted shape due to its non-uniform geometry
and its material properties. By performing GAT measurements, we observed
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a change in shape of the tonometer-corneal contact from a circle to an ellipse.
Thus, the diameter of GAT contact was different in different meridians, indi-
cating the appearance of corneal astigmatism. If the usual horizontally split
orientation of the fluorescent ring is maintained during this condition, an error
in the estimated IOPG will occur (see Chapter 3.4.1 about GAT construction).
An underestimation will occur if the applanation head is oriented so the split
rings appear over the flat meridian, while orienting the rings over the steep
meridian produced an overestimation. Goldmann (1955) proposed a clinical
method to average tonometer readings, adopting an angle of 43o to the major
axis of the astigmatism (i.e. long axis of ellipse). According to Goldmann, at
this angle the diameter of the region of tonometer-cornea contact produced an
imaginary circle whose area almost equaled the area of the real ellipse-shaped
region of contact area, providing minimal error at commonly found ranges of
corneal curvature, Figure 6.17. This precise angle also is marked on Goldmann
tonometer prism holders with a red line, Whitacre & Stein (1993).

Objectives of the Present Simulations

The main aim of this thesis is to understand how reliable are the tonometric ap-
planation measurements. In the previous sections we constructed a 2D model of
the cornea, simulated a GAT procedure, calculated IOPG and investigated the
sensitivity of this result to the individual variations of biomechanical corneal
parameters. In this dissertation we are interested in all the possible sources of
errors, appearing in GAT tonometry. Since previous model represented only
the cornea, influence of other tissues constituting the eyeball were not taken
into account, as well as non-symmetrical effects such as uneven geometric and
material characteristics. Also, cornea was modelled with assumptions of ax-
isymmetry, thus only central applanation of the tonometer tip was examined.
In this chapter a 3D model of the whole eyeball, consisting of cornea, limbus and
sclera is presented. At first, only central GAT applanation was modelled. Be-
haviour of this model and the accuracy of IOPG predictions with variations of
different parameters was investigated. The model was validated, its outcomes
such as stresses, strains and thickness distribution within the corneal tissue
were shown. Deficiencies and shortcomings were discussed, and an improved
model for the central GAT applanation was proposed. The consistency of the
improved model was also checked and compared with approved clinical obser-
vations. Finally, such sources of error as mistakes in applanation techniques
were investigated in the improved eyeball model. The cornea was subjected to
two different cases of paracentral GAT procedures. Outcomes were compared
for all GAT applanation methods.
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6.3. Central Applanation: Preliminary

A fiber-matrix constitutive model for the corneal tissue was employed. Its ma-
terial performance was characterized by separate contributions from the lin-
ear isotropic substance (namely, the underlying proteoglycans matrix and ran-
domly distributed collagen lamellae) and two sets of reinforcing collagen fibers
with prescribed orientations (i.e. hyperelastic rebar reinforcements). Several
sets of material properties for eyeball tissues were tested. The material con-
stants were identified from the numerical recreations of uniaxial stress-strain
tests on corneal and scleral strips, as well as button inflation experiments,
cf. Tables 5.3 – 5.4. The eyeball was loaded with intraocular pressure and
brought in contact with the tonometer tip. Displacement boundary conditions
were applied to the reference node of rigid solid elements which represented a
tonometer head. The applanation force was calculated as a reaction force of
this node. Deformation of the cornea by the tonometer proceeded as the clo-
sure of gap between the tonometer and corneal anterior surface was monitored
until contact at point A was achieved, see Figure 6.17. This was considered
a full GAT applanation and IOPG was derived and compared with the true
value of IOPT.

In general, seven corneal material descriptions have been utilized, based on
experiments by Woo et al. (1972b); Nash (1982); Hoeltzel et al. (1992); Bryant
& McDonnell (1996); Zeng et al. (2001); Wollensak et al. (2003); Elsheikh &
Anderson (2005). For the sclera, material parameters recorded by Woo et al.
(1972b) have been employed. Corresponding errors were estimated, Table 6.5.
The last four rows in the table show results for the models with corneal consti-
tutive relationships obtained from experimental pressure-apical curves 1 – 4
reported by Bryant & McDonnell (1996) from the mathematical analysis in
this thesis, Chapter 5.3.2. It should be noted, that those constitutive laws
were different than the ones reported by Bryant & McDonnell (1996), which
were based on the same inflation tests. The reasons were the different the-
oretical approaches and the different initial geometries adopted for deriving
property constants: for instance, the mathematical analysis in Chapter 5.3.2
was more complicated than the one adopted by Bryant & McDonnell (1996),
and included both in-plane and out-of-plane stiffness components. Also in the
Bryant & McDonnell (1996) article, geometrical corneal data were not available,
thus, we used only their reported pressure-displacement curves and made some
assumptions about geometry to perform the adopted analytical procedure.

The closest IOPG predictions to the true IOPT were obtained using corneal
data identified from different membrane inflation tests. In this case, even in-
cluding results calculated from the theoretical fitting of inflation tests, the
error estimations did not exceed 5%. The largest deviations from the IOPT
were obtained using a corneal material model with properties based on data
derived from uniaxial stress-strain strip corneal tests by Nash (1982); Hoeltzel
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Table 6.5: Resulting IOPG and corresponding errors are derived from preliminary
3D model with different corneal material properties and initial calibration geometry.
A nonlinear scleral description is based on data reported by Woo et al. (1972b). True
IOP =21mmHg.

Experiment Source IOPG,

[mmHg]

Error, %

Woo et al. (1972b) 21.12 0.6
Inflation

Bryant et al. (1996) 21.13 0.6
tests

Elsheikh et al. (2005) 21.18 0.9

Zeng et al. (2001) 22.54 7.3

Strip Wollensak et al. (2003) 24.13 14.9

tests Hoeltzel et al. (1992) 35.35 68.3

Nash (1982) 80.80 284.8

Theory:
Curve 1 20.50 2.4

Fitting Curve 2 20.61 1.9

inflation Curve 3 20.78 1.1

tests Curve 4 21.02 0

Here, Error = (IOPG/IOPT − 1) × 100.

et al. (1992), i.e. IOPG values were 1.7–3.9 times higher than IOPT, respec-
tively. In general, strip tests are less accurate than button inflation tests, since
there is a tissue disruption and rather high test strain rates. Sometimes, the
physiological relevance is even lost, when applied stresses exceed possible phys-
iological stresses. From Figure 5.10, one can see that experimental curves from
Hoeltzel et al. (1992); Nash (1982) are rather steep, hence getting stiffer faster
at high strains. Their tangent elastic moduli at 1% strain were 1.51MPa and
3.63MPa, whereas in other corneal stress-strain relationships adopted in the
present study, secant elastic moduli at 1% strain were in the range of 0.012–
0.36MPa, Table 4.1. Obviously, modelling cornea using the constitutive data
from Hoeltzel et al. (1992); Nash (1982) give inadequate IOPG predictions by
our model with all adopted assumptions. Thus, we excluded those corneal
descriptions from further parametric analysis, and focused the continued sim-
ulations on other material models.

It was observed that after IOP loading all models could be divided into two
groups with similar behaviour patterns for stresses and strains: the first group
consisted of models with constitutive corneal laws derived from inflation tests,
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whereas a second group includes models with corneal data identified from me-
chanical strip tests. From both groups we chose one model with the predicted
IOPG closest to IOPT, i.e. those are models with constitutive relationships
for the corneas based on data by Woo et al. (1972b) and Zeng et al. (2001).
A comparison of the resulting behaviours for those models was performed and
are discussed further.
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Figure 6.18: Vertical displacements in the corneoscleral envelope following appli-

cation of IOPT = 21mmHg. (a) – corneal material parameters were derived based
on Woo et al. (1972b), range: red=1.190 mm, blue=0.178 mm. (b) – corneal ma-
terial parameters were derived based on Zeng et al. (2001), range: red=0.781 mm,
blue=0.172 mm. Contours are drawn on model with original undeformed calibration
geometry.

In Figure 6.18 one can see the recorded displacements following the applica-
tion of IOP= 21mmHg. Although displacements were equal at the central
(4.5mm diameter) part of the cornea, their magnitudes were different along
principal meridians for every model. That was a signal of appearing corneal
astigmatism. After the application of intraocular pressure, the general pat-
terns of displacement were similar for both groups: the biggest changes were
at the center, reducing towards the periphery. At the corneal periphery the
displacements were larger along the vertical meridian than along the horizon-
tal meridian, the difference was more distinct in the model with corneal data
derived from inflation tests. Distributions of meridional and circumferential
strains in the two groups of corneas were different, see Figures 6.19 – 6.22.
This could be explained on the grounds of the adopted assumptions concern-
ing the construction of an anisotropic cornea, which consisted of two different
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components: underlying elastic isotropic material and two families of hypere-
lastic rebars embedded in this ground matrix. Stress-strain relationships for
rebars together with the Young’s modulus of isotropic substance were derived
during the numerical recreations of uniaxial and inflation tests. The elastic
modulus obtained for the ground matrix after the tension strip tests was two
and a half times higher than the one calculated during inflation tests (0.1MPa
and 0.04MPa, respectively). Thus, when cornea is inflated by IOP, various tis-
sue components bear different loads depending on their respective stiffnesses.
Figure 6.19 depicts the distribution of maximum hoop strains produced by all
cornea components, whereas Figure 6.20 shows the maximum hoop strains on
the anterior corneal surface produced only by the elastic isotropic matrix. An-
alyzing both of them, the conclusion can be drawn that the ground isotropic
substance gives the largest contribution to the calculated strains.
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Figure 6.19: Distribution of maximum circumferential logarithmic strains within the

cornea following application of IOPT =21mmHg. (a) – corneal material parameters
were derived based on Woo et al. (1972b), range: black=max=0.037, red=0.030,
blue=0.009. (b) – corneal material parameters were derived based on Zeng et al.
(2001), range: red=0.061, blue=0.032. Contours are drawn on model with original
undeformed calibration geometry.

In models with corneal material property constants identified from inflation
tests, the maximum hoop strains were achieved at the junction between corneal
limbus and scleral limbus and at the paracentral area along central vertical and
horizontal meridians. Effects from the rebars on the strain distribution are vis-
ible at the paracentral area of the rebar set, which was directed horizontally
at the corneal apex, see Figures 6.24–6.25(a). Those figures show the stress
distributions in the corresponding families of corneal rebars, and the strain
lay-outs are similar. In models with corneal material property constants iden-
tified from uniaxial strip tests, the maximum hoop strains appeared at the
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Figure 6.20: Distribution of the circumferential logarithmic strains on the anterior
corneal surface following application of IOPT = 21mmHg. Only the contribution of
elastic isotropic component of the cornea to the strain distribution is depicted. Re-
bars contribution is excluded. (a) – corneal material parameters were derived based
on Woo et al. (1972b), range: red=0.034, blue=−0.017. (b) – corneal material pa-
rameters were derived based on Zeng et al. (2001), range: red=0.060, blue=0.032.
Contours are drawn on model with original undeformed calibration geometry.

paracentral area along the central horizontal meridian, while minimum strains
were achieved at the corneal limbus. In the rebars, the maximum circumfer-
ential strain values appeared in the set directed vertically at the corneal apex,
Figures 6.24–6.25(b). This contradicts results for the corneal models with con-
stitutive data from inflation tests, for which maximum circumferential strains
in the rebars developed in the rebar set oriented horizontally at the corneal
apex.

For the spread of meridional strains, the ground isotropic substance gives
the major contribution to the calculated strains, totally defining the pattern.
The input of rebars was unnoticeable. For all the models, the highest val-
ues of meridional strains were achieved in the corneal limbus area. There,
the maximum of the meridional strains were considerably larger than the
maximum of the hoop strains, Figure 6.21. This was expected, since at the
corneal limbus all the rebars representing the collagen, which was responsible
for carrying most load, were directed circumferentially. Meridional strains were
higher in the corneal limbus area in the model with cornea description based
on data from inflation tests, since ground matrix is more compliant than in
the models based on strip tests. Thus, displacements are much larger there. In
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Figure 6.21: Distribution of maximum meridional logarithmic strains within the

cornea following application of IOPT =21mmHg. (a) – corneal material parameters
were derived based on Woo et al. (1972b), range: red=0.491, blue=0.018. (b) – corneal
material parameters were derived based on Zeng et al. (2001), range: red=0.140,
blue=0.047.
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Figure 6.22: Distribution of maximum meridional logarithmic strains within the

cornea without limbus following application of IOPT = 21mmHg. (a) – corneal mate-
rial parameters were derived based on Woo et al. (1972b), range: black=max=0.092,
red=0.063, blue=0.017. (b) – corneal material parameters were derived based on
Zeng et al. (2001), range: black=max=0.067, red=0.063, blue=0.045. Contours are
drawn on model with original undeformed calibration geometry.
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comparison to the corneal limbus region, pressure-induced meridional strains
within the cornea alone were small, specifically, 12–50% of the corneal lim-
bus values. Those magnitudes of meridional strains are comparable with the
magnitudes of circumferential strains.

Certain elements gave unexpected strain and stress values (for instance,
see Figure 6.20 with negative strain values, or Figure 6.22 with elements which
are black). Those exist in peripheral parts of each cornea quarter. The mesh
of the cornea was specially designed to define the orientation of generalized
collagen fibers: rebars were initially superimposed on the shell mesh, aligned
along the mapping of constant isoparametric lines in the shell elements. The
direction of the mesh edges, thereby, automatically detected the orientations
of the fiber sets. First of all, the mentioned elements were distorted in com-
parison to other more or less rectangular quadrilateral elements. We redefined
the directions of the rebars in those elements, but there still were angular ele-
ments containing discontinuities. Hence, a singularity of the stress and strains
appeared here. This was a mesh deficiency but affected only elements situated
at the periphery. Therefore, it was believed to have no major influence on the
results of simulations, since we were primarily interested in the central part of
the cornea.
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Figure 6.23: Distribution of the maximum von Mises stresses within the cornea

following application of IOPT =21mmHg. (a) – corneal material parameters were
derived based on Woo et al. (1972b), range: black=max=0.355 MPa, red=0.285 MPa,
blue=0.093 MPa. (b) – corneal material parameters were derived based on Zeng et al.
(2001), range: red=0.152 MPa, blue=0.046 MPa. Contours are drawn on model with
original undeformed calibration geometry.

Contour levels of stress distribution in the corneal components after the pressure-
induced loading for both groups of models are shown in Figures 6.23 – 6.25.
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Figure 6.24: Distribution of the von Mises stresses in the first family of corneal rebars

(parallel axis x at center) following application of IOPT= 21mmHg. (a) – corneal
material parameters were derived based on Woo et al. (1972b), range: red=0.285 MPa,
blue=0.004 MPa. (b) – corneal material parameters were derived based on Zeng et al.
(2001), range: red=0.152 MPa, blue=0.043 MPa. Contours are drawn on model with
original undeformed calibration geometry. No limbus present.
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Figure 6.25: Distribution of the von Mises stresses in the second family of corneal

rebars (perpendicular axis x at center) following application of IOPT = 21mmHg.
(a) – corneal material parameters were derived based on Woo et al. (1972b), range:
red=0.285 MPa, blue=0.004 MPa. (b) – corneal material parameters were derived
based on Zeng et al. (2001), range: red=0.152 MPa, blue=0.046 MPa.
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In models with corneal material constants from inflation tests, the maximum
stresses were achieved at the junction between corneal limbus and scleral limbus
with noticeable stresses in the central and horizontal paracentral area. Stresses
at horizontal rebars were higher than in the vertical ones. In models with
corneal material properties from uniaxial strip tests, minimum stresses were in
the corneal limbus area, and maximum stresses at the central cornea; higher
stresses were achieved in the vertical rebar family than in the horizontal.

Figure 6.26 depicts the maximum stress distribution following full appla-
nation. For both models, the maximum values of stresses within cornea slightly
decreased by about 20-30kPa, when the tonometric procedure was performed.
During the GAT application, stresses redistributed from the center to paracen-
tral parts of the cornea. Maximum stresses appeared at the rebars, in partic-
ular, larger stresses were observed at the same family of rebars, which carried
the most load after the application of IOP. For the cornea with material con-
stants derived from inflation tests, maximum stresses were achieved at a rebar
set parallel to the axis x at the center, whereas for the cornea with material
properties from uniaxial tests, maximum stresses were found at a rebar family
perpendicular to the axis x at the center.
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Figure 6.26: Distribution of the maximum von Mises stresses within the cornea

following full applanation under IOPT =21mmHg. (a) – corneal material param-
eters were derived based on Woo et al. (1972b), range: black=max=0.357 MPa,
red=0.250 MPa, blue=0.09 MPa. (b) – corneal material parameters were derived
based on Zeng et al. (2001), range: red=0.130 MPa, blue=0.048 MPa. Contours are
drawn on model with original undeformed calibration geometry.
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6.3.1. Parametric Study 1: Variation of Material
Properties

Corneal Data

Side-by-side comparisons of the capabilities of the different material descrip-
tions of corneal tissue used in a 3D modelling of the GAT procedure have been
performed. Results were summarized previously in Table 6.5. Obviously, the
choice of constitutive relation had a crucial role for the outcome of simulations.

Scleral Data

For all simulations reported above, nonlinear scleral data reported by Woo et al.
(1972b) were employed. To investigate the influence of scleral effects on the
simulation outcome, corneal material parameters derived based on Bryant &
McDonnell (1996) tests were used for all analyses. Several scleral descriptions
were tested: two nonlinear stress-strain relationships with constitutive laws
deduced from experiments by Woo et al. (1972b) and Wollensak & Spoerl
(2004) and five linear, with elastic scleral modulus being 5–50 times higher
than the one, adopted for the cornea (i.e., Bryant & McDonnell (1996) elastic
tangent modulus at 1% strain EBr = 0.121 MPa, and scleral Young modulus
vary between 5 · EBr and 50 · EBr, that is ES ∈ [0.605; 6.05] MPa). Results are
shown in Table 6.6. When sclera was modelled using material constants from
Wollensak & Spoerl (2004), the error in measured IOPG was larger than when
data by Woo et al. (1972b) was used. For the linear scleral data, the closest
fit to the true IOPT was obtained using scleral moduli 10–20 times higher
than the corneal. In general, the stiffer the sclera, the larger the predictions
of IOPG readings. However, with a rather large variation of scleral moduli, its
effect on the IOPG readings was somehow limited and error was within 4%. It
is possible to say, that influence of sclera on IOPG predictions is insignificant.
This result is consistent with previous observations by Carnell & Vito (1992);
Hanna et al. (1992) and predictions by our 2D model.

6.3.2. Parametric Study 2: Fluid Properties

The eyeball is filled with incompressible intraocular fluid. In reality, this fluid
is a gel-like substance, which consists of 98% water, Bron et al. (2001). The
adopted density of the fluid was equal to water, ρ = 994 kg/m3. In a performed
sensitivity study, this parameter was varied from 100 to 10000 kg/m3 to inves-
tigate its influence on the GAT readings. The conclusion was that the IOPG
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Table 6.6: Sensitivity of IOPG readings to the variation of scleral data. True
IOP =21mmHg. Models with initial calibration geometry and nonlinear corneal de-
scription based on data by Bryant & McDonnell (1996) were utilized.

Nonlinear Linear

Woo
et al.
(1972b)

Wollensak
et al.
(2004)

5 · EBr 7 · EBr 10 · EBr 20 · EBr 50 · EBr

E 1.14 3.95 0.61 0.85 1.21 2.42 6.05

IOPG 21.24 21.83 20.58 20.64 20.79 21.07 21.47

Error 1.1 4.0 2.0 1.7 1.0 0.3 2.2

Here, Error in %: Error = (IOPG/IOPT − 1) × 100; IOPG in [mmHg]; EBr in [MPa] .

predictions for all ρ values used fell within 1%. This error was considered in-
significant, providing independence of the computed IOPG measurements on
the density of the eyeball fluid.

6.3.3. Parametric Study 3: Variation of CCT

Simulations were performed and measured variations of IOPG with CCT were
fitted to the second-order polynomial. Resulting curves are shown in Fig-
ure 6.27. Here, on the x-axis of all the figures corneal thickness is the one
measured in vivo. It is not the adopted initial thickness before simulation, but
is the one after the application of IOP. The adopted mean value of CCT of
537 µm was used to calculate the effect of CCT on the accuracy of GAT mea-
surements, similarly as for the 2D model. Results are summarized in Table 6.7,
together with the measured ranges of error.

Except for the model with corneal material constants based on data in
Hoeltzel et al. (1992), the measured error spans were within the reported clin-
ically measured range of error, see Table 3.2. We excluded Hoeltzel et al.
(1992) data from the further analysis. For the models with corneal material
description based on inflation tests, influences of CCT on IOPG predictions
were rather similar. The overall value of IOPG variation was larger for the
models whose corneal property constants were identified from strip extensiom-
etry tests. When corneal material data was based on experiments by Zeng
et al. (2001), the observed dependence of IOPG with CCT was the most non-
linear with the largest total variation in IOPG readings among all simulated
responses.
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Figure 6.27: Influence of corneal central thickness (CCT) on IOPG measurements.

True IOP= 21mmHg. (a) – corneal material parameters were based on inflation tests
by Woo et al. (1972b); Bryant & McDonnell (1996); Elsheikh & Anderson (2005);
(b) – corneal material parameters were based on stress-strain strip tests by Zeng
et al. (2001); Wollensak et al. (2003).

Table 6.7: Results on the changes on CCT and corresponding changes in predicted

IOPG readings. A nonlinear scleral data is based on Woo et al. (1972b).

Material data for the

cornea

∆ ↗ in IOP

per 10 µm
change in

CCT

↘ in IOP

per 10 µm
change in

CCT

Woo et al. (1972b) 3.53 0.086 0.084

Bryant et al. (1996) 3.57 0.088 0.085

Elsheikh et al.(2005) 3.55 0.087 0.085

Zeng et al. (2001) 13.4 0.327 0.316

Wollensak et al. (2003) 7.70 0.191 0.189

Hoeltzel et al. (1992) 25.3 0.624 0.615

True IOP= 21mmHg. Unit for all columns is mmHg. Symbols: ↗ – increase,

↘ – decrease. ∆ is total variation in predicted IOPG readings due to the change

in corneal thickness from 350 µm to 750 µm.
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6.3.4. Model Deficiencies

As mentioned earlier, certain shortcomings exist in the model used for the above
simulations. These are related to several assumptions, primarily concerning the
choice of reference configuration. The known corneal shape was adopted as an
initial stress-free configuration, whereas, in reality, this is a geometry measured
in in vivo eyes, deformed by IOP. Figure 6.28 shows the thickness distributions
within a cornea before and after loading the tissue with IOPT=21 mmHg.
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Figure 6.28: Thickness distribution in the corneal tissue. (a) – initial thickness

distribution; (b) – thickness distribution following application of IOPT = 21mmHg
in the model with all corneal limbus rebars directed circumferentially, i.e., the ratio
of meridional to hoop limbus rebars was 0 : 2. Contours are drawn on model with
original undeformed calibration geometry and corneal material description based on
Woo et al. (1972b).

An undisputed fact in the ophthalmologic community is that the corneal thick-
ness has its minimum at apex and that it continuously increases with the
distance from the center reaching its maximum at the limbus. Although such a
distribution was adopted initially, it did not hold true for the cornea deformed
by an intraocular pressure, Figure 6.28. For all the material models, the largest
pressure-induced alterations in thickness were observed in the corneal limbus
area: 90–230 µm, depending on material corneal description. Under the same
IOP, central and paracentral corneal thickness change was in a range of 10–
30 µm. Thickness at the corneal limbus after IOP was smaller than at the cen-
tral cornea, which contradicted the main fact stated in literature, that cornea
must be thickest at the periphery. This feature could be explained by the as-
sumptions, concerning the orientation of rebars at corneal limbus. It is known,
that two collagen fiber sets are orthogonal at the corneal apex, and that when
moving towards periphery, they are changing directions, forming different an-
gles in different locations. Finally, at the corneal limbus, preferable orientation
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is circumferential, Newton & Meek (1998a). A significant proportion of col-
lagen fibrils running across the cornea change directions near the limbus and
fuse with the circumferential limbus collagen, Newton & Meek (1998b). In the
modelling, we adopted two families of reinforced rebars in the cornea. A special
mesh was designed, where rebars were aligned along the mapping of constant
isoparametric lines in the elements. Mesh edges automatically detected the
orientation of fiber sets. At the cornea without limbus the reinforced rebars
run parallel to the adjoining element edges. They were distributed equally
with the cross-sectional area of each rebar being Ar = 44 × 10−4 mm2. At
the corneal limbus area both sets of rebars were defined along the parallel ele-
ment edges, capturing the circumferential preferable direction of the collagen,
Figure 5.9. The ratio of meridional to hoop rebars was 0 : 2 at the corneal
limbus. Since rebar orientation at this region was circular, loaded by the in-
traocular pressure, corneal limbus was the weakest with the highest possible
meridional strains, as shown in Figure 6.21. This could also be observed on the
distributions of displacements. We obtained the displacements of the corneal
apex under 21mmHg of IOP being in a range of 780–1200 µm, depending on
corneal constitutive description, see Figure 6.18. These values were very high
compared to experimental displacements of the corneal apex as a function of
the IOP, Figure 5.13. Bryant & McDonnell (1996) find the elevation at the
apex of the intact human cornea being between 320–550 µm under 21mmHg
intraocular pressure. However, those researchers performed their membrane
inflation tests when cornea was clamped at the limbus. When we did not take
limbus area and sclera into consideration, assuming them to be constrained,
movements of the corneal vertex in all the models were 340–390 µm, which was
within the range of tests by Bryant & McDonnell (1996). The displacements in
the corneal limbus area under the loading with IOP were significantly higher
than in the central area (about 1.2–2 times) and, correspondingly, caused a
significant decrease in thickness in this region. At a result, the pattern of
thickness distribution contradicted the known experimental observations.

6.4. Central Applanation: Main

6.4.1. Improvement of the Model

The corneal limbus collagen reinforcement being predominantly circular does
not mean that all the collagen fibres are directed circumferentially as proposed
by our model. The tangential fibres indeed exist in the living corneal limbus
together with much thicker and more branched hoop fibres. Nevertheless, their
precise distribution, exact locations and directions are unclear, Aghamoham-
madzadeh et al. (2004). To fulfill at least some experimental observations and
avoid inconsistencies described in the previous section, a certain proportion
of tangential rebars at the corneal limbus area should also be modelled, lower
than the circumferential. We established another model, similar to the previous
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one, but with another corneal limbus construction: while the overall thickness
of the reinforcing rebars was kept, the ratio of meridional to circumferential
fibers was adopted equal to 1 : 3 at the limbus. To investigate the sensitiv-
ity of the model, an assumed ratio of rebars at corneal limbus equal to 1 : 5
(meridional vs hoop) was also tested.

As previously, all the models were divided into two groups with consti-
tutive relationships derived from numerical simulations of inflation tests and
strip extensiometry. Respectively, the representatives from each group again
were chosen to be models with corneal material property constants identified
from Woo et al. (1972b) and Zeng et al. (2001). Scleral material parame-
ters for all models were based on inflation experiments by Woo et al. (1972b).
Corneal thickness distributions following application of IOPT= 21mmHg in
those models are depicted in Figures 6.29 – 6.30. To facilitate comparisons
with Figure 6.28, similar thickness ranges were used in all figures.
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Figure 6.29: Thickness distribution in the corneal tissue after loading with true
IOPT =21mmHg. Contours are drawn on model with original undeformed calibration
geometry and corneal material description based on data from Woo et al. (1972b).
(a) – ratio of meridional to hoop rebars at corneal limbus was 1 : 3; (b) – ratio of
meridional to hoop rebars at corneal limbus was 1 : 5.

One could see that for the model with corneal material properties based on
data from strip tests, the behaviour of both models matched clinical observa-
tions regarding the thickness distribution: from the center to periphery, the in
vivo thickness increased, Figure 6.30. For those considered corneas with new
corneal limbus construction, the resulting thickness distributions were rather
smooth and similar. As for another group with material parameters deduced
from membrane inflation tests, the difference in in vivo thickness was more dis-
tinguished for both corneal limbus ratios of 1 : 3 and 1 : 5. In fact, when loaded
by IOP, only the model with the ratio of meridional to hoop corneal limbus
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Figure 6.30: Thickness distribution in the corneal tissue after loading with true
IOP =21mmHg. Contours are drawn on model with original undeformed calibration
geometry and corneal material description derived based on data from Zeng et al.
(2001). (a) – ratio of meridional to hoop rebars at corneal limbus was 1 : 3; (b) –
ratio of meridional to hoop rebars at corneal limbus was 1 : 5.

rebars 1 : 3, had a thickness distribution similar to a human cornea in vivo,
Figure 6.29(a). For model with corneal limbus rebar ratio 1 : 5, the thickness
also increased towards the periphery, but some discontinuity near the limbus
junction area was observed (higher values at peripheral cornea than at corneal
limbus area), Figure 6.29(b). In the subsequent simulations, we utilized an
improved corneal limbus model with limbus ratio of hoop to meridional rebars
being 1 : 3. Using this corneal limbus construction, consistency with exper-
imental data regarding corneal thickness was achieved. In the following this
model is seen as the main model.

6.4.2. Parametric Study 1: Limbus Variation

Preliminary comparisons of the capabilities of the different corneal and scle-
ral material descriptions of eyeball tissues were discussed in Section 6.3.1. The
only aspect of the ocular material modelling which has not been analysed yet is
the corneal limbus. It is still not clear, if limbus has any significant influence on
the IOPG predictions. We confirmed before that at corneal limbus both hoop
and meridional fibres should be modelled. All constitutive relations for the
corneoscleral envelope in the present study were obtained from the numerical
simulations on different tests. Those tests were assumed to utilize only cornea;
no limbus area were taken into consideration. Three corneal limbus models
were examined with eyeball material descriptions based on Woo et al. (1972b).
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Figure 6.31: Influence of CCT on the IOPG measurements by 3D models with
different corneal limbus construction. Considered limbuses have ratios of meridional
to hoop rebars equal to 0 : 2, 1 : 3 and 1 : 5, respectively. Eyeball material descriptions
are based on data reported by Woo et al. (1972b).

Measured variations of IOPG with central corneal thickness (CCT) were fitted
to second-order polynomial and are shown in Figure 6.31. In general, when
some meridional rebars existed in the corneal limbus area, the relations between
CCT and IOPG readings were similar for models with resembling material
tissue descriptions but various corneal limbus construction. The effect of CCT
on IOPG predictions was different when all the rebars at corneal limbus were
circumferential (i.e. ratio of meridional to hoop rebars 0 : 2).

6.4.3. Resulting Behaviour

The only difference in this model from the previous preliminary 3D model was
the corneal limbus construction, where previously circumferentially directed
reinforcement was redefined to include some meridional rebars. This was done
to improve the performance and to achieve consistency with published data.
Overall thickness of the reinforcement was kept the same. By default, the
adopted ratio of meridional to hoop rebars at corneal limbus was 1 : 3. Effects
of different corneal descriptions adopted for the simulations have been analysed
and results are recorded in Table 6.8. The final IOPG readings produced by the
main model were very similar to the ones, predicted by the preliminary model.
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Comparison of Tables 6.5 and 6.8 was performed and remarkable similarities
were found. As in a preliminary model, the closest approximations of IOPT
were obtained using corneal data identified from membrane inflation tests.
The model with corneal material parameters based on uniaxial strip tests by
Hoeltzel et al. (1992) gave inaccurate IOPG prediction, and, as earlier, this de-
scription was excluded from further analysis. In general, the difference in IOPG
readings between the preliminary and main models with respective corneal ma-
terial data and fundamental geometry did not exceed 2%, with the resulting
values always smaller for the latter. Deviations from the true pressure in the
eye were observed to fall between 2% (button inflation tests) and 15% (uniaxial
tensile tests).

Table 6.8: Resulting IOPG and corresponding errors derived from the main 3D

models (by default, corneal limbus rebars are at ratio 1 : 3) with different material
properties and initial calibration geometry. A nonlinear scleral description is based
on data reported by Woo et al. (1972b). True IOPT = 21mmHg.

Experiment Source IOPG,

[mmHg]

Error, %

Woo et al. (1972b) 20.80 1.0

Inflation
Bryant et al. (1996) 20.81 0.9

tests
Elsheikh et al. (2005) 20.84 0.7

Woo, limbus 1 : 5 21.04 0.2

Zeng et al. (2001) 22.41 6.7

Strip
Wollensak et al. (2003) 24.04 14.5

tests
Hoeltzel et al. (1992) 35.20 67.6

Here, Error = (IOPG/IOPT − 1) × 100.

Corneal displacements following the application of IOPT= 21mmHg
are shown in Figure 6.32. Since we strengthened the transitional zone by
adding some meridional rebars to limbus in the main model, the observed
corneal transverse displacements were smaller than in the respective prelim-
inary model. Distributions of displacements were similar for the preliminary
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and main models with a corneal description based on strip tests. Patterns
of displacements for both old and new models with corneal constitutive rela-
tionships obtained from inflation experiments were, however, different. With
the new limbus construction, the magnitudes of displacement in the cornea
alone decreased three times. The largest changes in the model with corneal
description based on Woo et al. (1972b) appeared not at the center as before,
but at the paracentral area along horizontal meridian. Limbus displacements
along vertical diameter were large and comparable with the displacements at
the corneal center.

X

Y

Z

(a)

X

Y

Z

(b)

Figure 6.32: Transverse displacements in the corneal tissue following application

of true IOP= 21mmHg. (a) – cornea data based on Woo et al. (1972b), range:
red=0.433 mm, blue=0.250 mm. (b) – cornea data based on Zeng et al. (2001), range:
red=0.674 mm, blue=0.271 mm. Contours are drawn on model with original unde-
formed calibration geometry and ratio of limbus rebars are 1 : 3.

We can propose, that although limbus construction has influence on the distri-
bution of displacements after the application of IOP, it does not have significant
effect on the GAT predictions. As we observed, for the initial calibration geom-
etry the limbus effect on IOPG was within 2% (i.e. difference in IOPG readings
between preliminary and main model with respective corneas was within 2%).
From Figure 6.31 one can see that models with relevant limbus constructions
(i.e. with meridional rebars included as well) have similar behaviours of IOPG
with CCT. Identical result, i.e., that limbus is too peripheral to have any in-
fluence on the GAT outcome, was obtained by the 2D model, cf. Section 6 and
Figure 6.4.

Figures 6.33–6.38 depict distributions of strains and stresses in the main
model with different corneal descriptions. When comparing them with similar
graphs for the preliminary model, the following conclusions could be drawn:
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Corneal limbus area:

Preliminary model with circumferential limbus is not considered here, since the
thickness distribution after IOP loading contradicts the known observations.
In the model with a relevant limbus construction all pressure-induced stresses
and strains have their maxima at the limbus zone. Since majority of rebars
at limbus have circular orientation, meridional strains are larger than hoop
strains. Strains and stresses at the inferior-superior areas are higher than nasal-
temporal areas, Figure 6.33. This is due to the non-uniformity of the corneal
profile around its circumference

Cornea alone:

One can see that when corneal material properties were based on data derived
from uniaxial tensile strip tests, strains and stresses following application of
IOP had the same distribution patterns for main and preliminary models. The
ranges of stresses and strains were also similar. Thus, limbus construction did
not have significant effect on the models whose corneal description was de-
duced from strip tests. Already from Figure 6.32 differences would be observed
for preliminary and main models with corneal data identified from membrane
inflation tests. Common features for all four models under the application
of IOP = 21mmHg:

• ground isotropic substance was the largest contributor to the calculated
strains, whereas rebars were responsible for carrying the majority of the
load;

• maxima of the meridional and hoop strains were comparable for the
corresponding models with similar corneal data;

• greater strains were calculated in a model with corneal material data
based on Zeng et al. (2001) than in a model using Woo et al. (1972b)
experiments. This also could be predicted from the pressure-induced
patterns of thickness distribution: changes in thickness in the group
with corneal models derived from inflation tests were smaller than the
ones, derived from tensile experiments;

• larger stresses were calculated in a model with corneal description based
on inflation tests than in a model with corneal description based on ten-
sion tests.
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• pressure-induced changes in corneal thickness at periphery were smaller
in nasal-temporal than in inferior-superior areas, Figures 6.29–6.30.

• following full applanation, values of stresses within the cornea slightly
decreased in comparison with stresses after IOP application. Maximum
of stresses redistributed away from the applanated area, shifting to more
peripheral parts of the cornea.

The behaviour of the main model with corneal constitutive relationship derived
from Woo et al. (1972b) has certain similarities with the behaviour of the main
model with constitutive corneal laws deduced from Zeng et al. (2001):

• maximum of hoop strains appeared at the paracentral area along hori-
zontal diameter due to ground isotropic matrix, whereas the contribu-
tion from rebars were visible along vertical diameter and due to the
rebar set oriented vertically at the corneal apex;

• stresses at vertical rebars were higher than in the horizontal ones, de-
termining the lay-out of maximum stress distribution within the cornea.
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Figure 6.33: Distribution of maximum circumferential logarithmic strains within

the cornea following application of IOPT =21mmHg. (a) – cornea data based on
Woo et al. (1972b), range: black=max=0.054, red=0.042, blue=0.018. (b) – cornea
data based on Zeng et al. (2001), range: black=max=0.071, red=0.063, blue=0.041.
Contours are drawn on model with original undeformed calibration geometry and
ratio of limbus rebars are 1 : 3.
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Figure 6.34: Distribution of the circumferential logarithmic strains on the anterior
corneal surface without limbus following application of IOPT =21mmHg. Only con-
tribution of elastic isotropic component of the cornea to the strain distribution is
depicted. Rebars contribution is excluded. (a) – cornea data based on Woo et al.
(1972b), range: black=max=0.041, red=0.032, blue=0.001. (b) – cornea data based
on Zeng et al. (2001), range: red=0.063, blue=0.036.
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Figure 6.35: Distribution of maximum meridional logarithmic strains within the

cornea without limbus following application of IOPT = 21mmHg. (a) – cornea data
based on Woo et al. (1972b), range: red=0.035, blue=0.010. (b) – cornea data based
on Zeng et al. (2001), range: red=0.064, blue=0.045. Contours are drawn on model
with original undeformed calibration geometry and ratio of limbus rebars are 1 : 3.
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Figure 6.36: Distribution of the maximum von Mises stresses within the cornea

without limbus following application of IOPT = 21mmHg. (a) – cornea data based on
Woo et al. (1972b), range: black=max=0.401 MPa, red=0.305 MPa, blue=0.164 MPa.
(b) – cornea data based on Zeng et al. (2001), range: black=max=0.187 MPa,
red=0.174 MPa, blue=0.081 MPa.
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Figure 6.37: Distribution of the stresses in the first family of corneal rebars (parallel

axis x at center) following application of IOPT =21mmHg. (a) – cornea data based
on Woo et al. (1972b), range: red=0.305 MPa, blue=0.131 MPa. (b) – cornea data
based on Zeng et al. (2001), range: red=0.120 MPa, blue=0.055 MPa. Contours are
drawn on model with original undeformed calibration geometry and ratio of limbus
rebars are 1 : 3.
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Figure 6.38: Distribution of the stresses in the second family of corneal re-

bars (perpendicular axis x at center) following application of IOPT = 21mmHg.
(a) – cornea data based on Woo et al. (1972b), range: black=max=0.401 MPa,
red=0.305 MPa, blue=0.164 MPa. (b) – cornea data based on Zeng et al. (2001),
range: black=max=0.187 MPa, red=0.174 MPa, blue=0.081 MPa.
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Figure 6.39: Distribution of the maximum von Mises stresses within the cornea

without limbus following full applanation under IOPT = 21mmHg. (a) – corneal
data based on Woo et al. (1972b), range: black=max=0.376 MPa, red=0.290 MPa,
blue=0.170 MPa. (b) – corneal data based on Zeng et al. (2001), range:
black=max=0.152 MPa, red=0.135 MPa, blue=0.080 MPa. Contours are drawn on
model with original undeformed calibration geometry and ratio of limbus rebars are
1 : 3.

Figure 6.39 shows stress distribution within the cornea under IOP and GAT.
As observed previously, stresses redistributed from the center to paracentral
and peripheral areas away from the tonometer contact area. Pressure-induced
stresses were larger in the corneal vertical rebars than in the horizontal ones.
Following full applanation, the vertical reinforcement set continued to support
the most of load.

6.4.4. Contact Pressure

The contact stress distribution between the tonometer and the corneal anterior
surface was also monitored during the progress of applanation to facilitate
the comparison with the behaviour of the 2D model. The maximum values,
around 5 kPa, were achieved at the corneal center (within radius 0.15 mm)
during the whole process of applanation. Without the consideration of this
central point, we observed the change in contact pressure, with highest contact
stresses shifting from the center with progress of applanation and locating at
approximately two thirds of the tonometer radius along the horizontal meridian
and half of the tonometer radius along the vertical diameter from the center
of full applanation, Figure 6.40. This is in agreement with the 2D model
behaviour. Similar contact stress distributions were observed for models with
all material constitutive models adopted.
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Figure 6.40: Distribution of contact pressure on the corneal surface with the progress
of applanation. Contours are drawn on model with deformed calibration geometry
using corneal and scleral material parameters derived by based on Woo et al. (1972b).
Range: black=max≥ 4.5 kPa, red=4.5 kPa, yellow=3.75 kPa, blue=0.0 kPa.

6.4.5. Parametric Study 2: Variation of CCT

As above, the effect of CCT on the accuracy of GAT measurements was esti-
mated by performing numerical simulations and measuring variations of IOPG
with CCT. Corneal thickness was varied within a rather wide range with an as-
sumption of average CCTav = 537 µm. A nonlinear fit is shown in Figure 6.41.
Results are summarized in Table 6.9, together with the measured ranges of
error. On the x-axis of the figures, the corneal thickness is the one measured
in vivo. When comparing Figures 6.41 and 6.27, produced by the preliminary
model, one can see that:

• the observed effects of CCT on IOPG were similar for the preliminary
and main models with the corresponding corneal descriptions;

• the measured error spans for all the models were within the reported
possible ranges of error, cf. Table 3.2;
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Figure 6.41: Influence of corneal central thickness (CCT) on IOPG measurements

by the main model with default limbus rebars ratio 1 : 3. (a) – corneal material
parameters were based on inflation tests by Woo et al. (1972b); Bryant & McDonnell
(1996); Elsheikh & Anderson (2005); (b) – corneal material parameters were based
on stress-strain tests by Zeng et al. (2001); Wollensak et al. (2003).

Table 6.9: Results on the changes on CCT and corresponding changes in predicted
IOPG readings from the models with different corneal constitutive laws. Nonlinear
scleral data are based on Woo et al. (1972b) and limbus rebars are in ratio 1 : 3. True
IOP =21mmHg.

Material data for the

model

∆ ↗ in IOP

per 10 µm
change in

CCT

↘ in IOP

per 10 µm
change in

CCT

Woo et al. (1972b) 3.77 0.093 0.092

Bryant et al. (1996) 3.95 0.097 0.095

Elsheikh et al.(2005) 3.85 0.095 0.093

Zeng et al. (2001) 14.35 0.351 0.341

Wollensak et al. (2003) 8.61 0.212 0.208

Symbols: ↗ – increase, ↘ – decrease. ∆ is total variation in predicted IOPG readings

due to the change in corneal thickness from 350 µm to 750 µm. Unit for all columns

is mmHg.
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• total IOPG variations were larger for the models with relevant limbus
construction than for the models, where all limbus rebars were directed
circumferentially;

• for the models with corneal material description based on tensile tests,
the deviations of IOPG with thickness were larger than for the models
with corneal material descriptions based on inflation tests;

• achieved results were consistent with results from the 2D model, cf.
Chapter 6.2. The observed pattern of change resembled the one obtained
by 2D nonlinear hyperelastic models. The total variation in IOPG read-
ings with thickness was compatible with 2D nonlinear model for cornea
with material data from uniaxial tensile tests. For cornea with material
data from bi-axial inflation tests, magnitudes of IOPG variation were
similar to the one, achieved by linear elastic 2D model;

• for values of CCT more than CCTav = 537 µm, the rate of increase in
IOPG measurements was higher than for the values of CCT ≤ CCTav;

• a model based on data from Zeng et al. (2001) produced the most non-
linear relation between IOPG and CCT;

• the total variations in IOPG readings with CCT for the corneas with
material data deduced from Zeng et al. (2001) was the largest, being
approximately twice the IOPG span calculated from the corneas with
material properties based on Wollensak et al. (2003) and four times
those for the corneas with material data from inflation tests.

6.5. Paracentral Applanation

The previous chapter showed that a 3D fiber-matrix constitutive model of the
corneoscleral envelope under the loading of IOP and central GAT had a be-
haviour consistent with clinical observations. To investigate the accuracy of
applanation tonometry further, a constructed model for the corneal tissue
with limbus ratio of meridional to hoop rebars 1 : 3 was employed. True
IOP = 21mmHg was adopted for all simulations. For the sclera, material
parameters recorded by Woo et al. (1972b) were utilized. The corneal descrip-
tions for which simulations of central GAT applanation gave the most accurate
IOPG readings during central applanation were employed. Those were mate-
rial data derived from Woo et al. (1972b); Bryant & McDonnell (1996); Zeng
et al. (2001); Elsheikh & Anderson (2005). Two cases of paracentral applana-
tion were considered. First, the central portion of the cornea was contacted
with a non-central portion of the applanation tip. Second, the GAT tip con-
tacted peripheral cornea perpendicularly to the curve of the cornea. Since the
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recorded tonometer-cornea contact area under the IOP loading was elliptical,
the clinical method by Goldmann (1955) of averaging the tonometer readings
was adopted in this study. According to Goldmann, when the long axis of an
ellipse (which is a horizontal meridian in the corneal frontal plane) was rotated
by an angle of 43o, the diameter of the region of tonometer-cornea contact
produced an imaginary circle area of which almost equaled the area of the real
ellipse-shaped region of contact area, providing minimal error at commonly
found ranges of corneal curvatures, Figure 6.17. In terms of modelling, this
means that cornea was considered fully applanated, when the contact between
tonometer and cornea was achieved at point A. The applanation force was then
calculated and IOPG computed. Because point A does not lie at the horizon-
tal or vertical diameter, effect of deviation from central applanation is different
when tonometer tip is shifted in different directions. In the present study we
only considered variations along the horizontal corneal diameter.

6.5.1. Displacement

The most obvious deviation from the central applanation is when the tonometer
head is shifted from the corneal apex, thus contacting paracentral cornea. The
value of displacement was assumed to be equal to 5% of the horizontal corneal
radius, i.e., ±0.294 mm. An applanation force was applied perpendicularly to
the corneal central apex. Clearly, the exact values of IOPG are expected to
be different when the tonometer is shifted in different directions, as cornea is
convex. To reach point A and achieve full applanation, less force is needed
when tonometer is moved in a negative δn direction than during the central
applanation. Vice versa, larger values of IOPG were calculated for positive δt

displacements.

Two sets of simulations were conducted, where the tonometer was displaced
in either nasal (δn = −5% · rh) or temporal (δt = +5% · rh) directions of
the frontal plane. Measured variations of IOPG with CCT were fitted with
nonlinear functions. For the possible corneal descriptions, IOPG at CCTav

were computed from the fitting functions. They are denoted as IOPG537, and
together with corresponding errors are summarized in Table 6.10.

To analyse the accuracy of the GAT measurements during the paracentral
applanation, we introduced a function R = IOPGCCT/IOPG537 and exam-
ined its behaviour for the variation of CCT. The relations between IOPG and
CCT were similar for central and paracentral applanation, when eyeball tis-
sues involved were described by similar material descriptions. Therefore, when
analyzing errors occurring from inaccuracies in tonometer applanation, the re-
sults for average CCT (Table 6.10) could be extended for the whole variation
of CCT for the same material model. Patterns of the IOPG changes with CCT
were analogous to the ones shown in Figure 6.41; the functions just shift in
magnitudes. When tonometer was shifted in the nasal direction by 5% of the
corneal radius, the estimated decrease in all IOPG due to this displacement was
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Table 6.10: Resulting IOPG at CCTav and corresponding errors are derived from
the main fundamental models with different corneal descriptions. Applanation with
paracentral cornea.

Source IOPG537, [mmHg], (Error, % )

Nasal Central Temporal

δn = −5% · rh δc = 0 δt = +5% · rh

Woo et al. (1972b) 16.93 (–19) 21.15 (+0.7) 24.04 (+15)

Bryant et al. (1996) 16.84 (–20) 21.16 (+0.8) 24.47 (+17)

Elsheikh et al. (2005) 16.91 (–20) 21.19 (+0.9) 24.55 (+17)

Zeng et al. (2001) 20.47 (–3) 24.73 (+18) 28.99 (+38)

Here, Error = (IOPG/IOPT − 1) × 100.

between 4.22mmHg and 4.32mmHg, approximately 20% of the values achieved
in central applanation. When tonometer was moved in the temporal direction
by 0.294mm, the calculated values of IOPG increased between 2.89mmHg and
4.26mmHg, depending on the corneal material data, an increase by 14–20%
due to the temporal displacement.

Since behaviour of IOPG with CCT for the models with corneal material
properties derived from inflation tests were similar, plots of comparative func-
tions R with thickness variation were also similar. Thus, in Figure 6.42 only
one of them is shown (for example, for the model with corneal data deduced
from Woo et al. (1972b)), together with function R for the model with corneal
material data deduced from Zeng et al. (2001). For similar material models, the
ratio IOPGCCT/IOPG537 had the same rate of change for all simulated appli-
cation techniques. Since for the same thickness IOPG predictions were highest
for lateral applanation (δt) and lowest for medial applanation (δn), the total
variations in measured IOPG readings due to the change in CCT were largest
for temporal applanation and smallest for nasal applanation, Table 6.12.
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Figure 6.42: Central and paracentral tonometer applications and influences of CCT

variation on IOPG measurements for different applanation techniques. (a) – corneal
constitutive relationship derived from inflation tests by Woo et al. (1972b); (a) –
corneal constitutive relationship derived from tensile tests by Zeng et al. (2001).

6.5.2. Displacement & Rotation

Whereas the above simulations considered paracentral applanation produced by
medial-lateral deviations in the frontal corneal plane, the loading possibilities
of the present model include in-plane and out-plane displacement components.
The initial idea was to investigate the error occurring in the IOPG readings
when the tonometer tip contacted the peripheral cornea, perpendicular to the
curve of the cornea. Since several material descriptions have been utilized in
this study, corneal curvatures after the application of IOP were different. To
ensure the perpendicularity of GAT applanation to the corneal profile, the
tonometer tip should be rotated by different angles for different constructions
of the eyeball.

To re-calculate these angles for various sets of geometrical and material pa-
rameters is time and effort consuming. As the present study is one of the first
to numerically investigate the error span occurring during paracentral appla-
nation, the complication does not seem reasonable. We performed preliminary
simulations for the model with initial calibration geometry and a corneal mate-
rial description based on data from Woo et al. (1972b). Pressure was emulated
in an eyeball and the corneal central profile was examined. The tonometer tip
was moved by δ = 5% · rh and rotated by −5o in a sagittal plane along the
anterior-posterior axis, cf. Figure 5.15(c). The angle between the tonometer
axis and anterior paracentral cornea was measured. The observed GAT ap-
planation was approximately perpendicular to the corneal curve, within 4%
approximation. We restated the problem to simplify the modelling procedures
and examined the accuracy of paracentral IOPG measurements due to both
δ = ±5% · rh and α = ±5o. As before, only horizontal displacements in the
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Table 6.11: Resulting IOPG at CCTav and corresponding errors are derived from
the main fundamental models with different corneal descriptions. Applanation with
the paracentral tonometer tip.

Source IOPG537, [mmHg], (Error, % )

Nasal Central Temporal

δn = −5% · rh δc = 0 δt = +5% · rh

αn = +5o αc = 0 αt = −5o

Woo et al. (1972b) 24.12 (+15) 21.15 (+0.7) 14.79 (–30)

Bryant et al. (1996) 24.54 (+17) 21.16 (+0.8) 14.64 (–30)

Elsheikh et al. (2005) 24.72 (+18) 21.19 (+0.9) 14.83 (–30)

Zeng et al. (2001) 28.56 (+36) 24.73 (+18) 19.62 (–7)

Here, Error = (IOPG/IOPT − 1) × 100.

corneal plane were considered and the tonometer shift was ±0.294 mm. For ev-
ery material description, two simulations were performed. Variations of IOPG
with CCT were fitted with nonlinear functions and IOPG537 values were de-
duced together with corresponding errors, Table 6.11. The results were similar
to the applanation with paracentral displacements along axis x. Comparative
plots are shown in Figure 6.42 for all cases. In contrast to the applanation
with horizontal deviations only, larger values of IOPG were achieved during
the nasal displacement and rotation, whereas smaller IOPG readings were cal-
culated from the temporal displacement and rotation.

Effects of IOPG on CCT for the models with corneal material properties
from inflation tests are similar. When tonometer was displaced nasally by
−5%·rh and rotated by 5o, an increase in IOPG of 14–18% values was calculated
for the models with different corneal material properties. Those error spans
produced an increase of 2.97–3.86mmHg. When tonometer contact was moved
temporally by 5% · rh and rotated by −5o, IOPG predictions decreased about
5.1–6.5mmHg, or errors between 25% and 31%. The influence of all simulated
paracentral applanations on the relation between CCT and IOPG are shown
in Figure 6.43.
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Figure 6.43: Influence of CCT variation on IOPG measurements for different ap-
planation techniques. Corneal constitutive relationship derived from inflation tests:
(a) – by Woo et al. (1972b); (b) – by Bryant & McDonnell (1996); (c) – by Elsheikh
& Anderson (2005). Corneal description deduced from tensile uniaxial tests by Zeng
et al. (2001).

We can make several important conclusions when comparing IOPG and CCT
for various applanation techniques, see Table 6.12:

• since the comparison functions R were similar for both central and para-
central applanations, all what is said about variation of CCT earlier, cf.
Section 6.4.5, is applicable here;

• IOPG predictions either decreased or increased, depending on the di-
rection of the shift in tonometer application;

• the exact corrective values for IOPG estimates due to paracentral ap-
planation seem to depend only on material data and the deviations from
the center (displacement or/and rotation) and not on the corneal central



6.5. PARACENTRAL APPLANATION 153

thickness;

• for the models with corneal descriptions based on Zeng et al. (2001) the
differences due to paracentral applanation were within ± 3–5mmHg;

• for the the corneas with material data from inflation tests, paracen-
tral applanation produced different IOPG errors, depending on the di-
rections of displacements in the GAT application: for both considered
cases, the increase in IOPG values was smaller than the decrease, around
3–3.5mmHg and 4.3–6.4mmHg, respectively. This disparity of the re-
sults due to the shift in GAT application could be explained by the
irregular patterns of displacements, observed in the central and para-
central cornea after IOP loading, Figure 6.32(a).
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Table 6.12: Changes in central corneal thickness (CCT) and corresponding changes
in predicted IOPG readings from models with different corneal constitutive laws under
central and paracentral GAT applanations.

CCT Corneal material data

Woo

et al.

(1972b)

Bryant

et al.

(1996)

Elsheikh

et al.

(2005)

Zeng

et al.

(2001)

Central Applanation

∆ 3.77 3.95 3.85 14.35

+10 µm 0.093 0.097 0.095 0.351

−10 µm 0.092 0.095 0.093 0.341

Paracentral Applanation: Displacement

a) Nasal (−δ)

∆ 3.02 3.18 3.09 11.10

+10 µm 0.075 0.078 0.076 0.272

−10 µm 0.074 0.076 0.075 0.264

b) Temporal (+δ)

∆ 4.54 4.71 4.66 15.80

+10 µm 0.112 0.116 0.115 0.385

−10 µm 0.110 0.113 0.113 0.372

Paracentral Applanation: Displacement & Rotation

a) Nasal (−δ), (+α)

∆ 4.43 4.73 4.52 15.30

+10 µm 0.109 0.116 0.112 0.375

−10 µm 0.108 0.113 0.110 0.365

b) Temporal (+δ), (−α)

∆ 2.74 2.82 2.79 10.97

+10 µm 0.068 0.069 0.068 0.269

−10 µm 0.067 0.068 0.068 0.262

Here, ∆ is total variation in predicted IOPG readings due to the change in corneal

thickness from 350 µm to 750 µm. Rows with +10 µm show increase in fitted IOPG

per 10 µm change in CCT, whereas rows with −10 µm show decrease in fitted IOPG

per 10 µm change in CCT. δ = 0.294 mm, α = 5o. Units for the last four columns are

mmHg.



Chapter 7

General Discussion

The goal of this research was the investigation of the relation between the ap-
parent IOPG, simulating Goldmann applanation tonometry, and true IOPT,
existing in the eye. Initially, GAT has been designed under the assumption
that the Imbert-Fick law is valid for all corneas. However, the Imbert-Fick
rule is neither a physical law nor an engineering principle, thus lacking the
scientific foundation. GAT is inherently an imprecise measurement, although,
when cornea has ”normal” ocular parameters, the accuracy of GAT readings is
sufficient, Goldmann & Schmidt (1957); Viernstein & Pollak (1979). However,
it does not hold true for the eyes with other than average corneal geometry
and rigidity, Gloster & Perkins (1963); Whitacre & Stein (1993). The over-
all aim of the present thesis was to assess the effects of individual variations
of different biomechanical parameters on the accuracy of IOPG predictions.
Two finite element models have been developed: a 2D axisymmetric model of
the cornea and a 3D model of the whole eyeball. Parametric simulations have
been conducted and error estimates of IOPG associated with variability of each
characteristic parameter were calculated. Correlation between true and mea-
sured intraocular pressures was analysed. It is far beyond the present work to
validate trustworthiness of applanation tonometry, as results of numerical exer-
cises depend on the adopted modelling assumptions. However, the performed
simulations can provide an important knowledge on how the patient-specific
variability in ocular biomechanics influence GAT results.

One of the strengths of the finite element methodology is that it provides
a background for the separation and analysis of each variable independently.
This makes it easy to identify the effect of each variable on the outcome, a
test, that also provides more accurate quantitative predictions in comparison
to the analytical models previously developed, e.g. Orssengo & Pye (1999); Liu
& Roberts (2005). We would emphasize our full awareness of the fact that the
availability of additional experimental data (both on the geometry and on the
material properties) would considerably improve our model of the human eye-
ball, in general, and cornea, in particular, and thereby increase the knowledge
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in a clinical and individual-based context. The outcomes of this study should
be substantiated with the results of the similar numerical procedures, where
corneoscleral biomechanical properties are derived from the in vivo methods.
As material descriptions for the tissues in the present simulations have been
obtained from various uniaxial stress-strain tests or inflation tests, which are in
vitro mechanical techniques, the calculated GAT estimates show considerable
variation for similar models with different material data. Ultimately, a major
challenge at the moment is the establishment of in vivo methods for inde-
pendent measurement of eyeball mechanical properties, especially for different
depths through the tissue thickness. Once an in vivo experimental approach
is set up, it can improve the understanding of biomechanical behaviour of the
tissue via laboratory trials, but also through theoretical and numerical analyses.

At the time this dissertation was at its final stage of preparation, more
reports have been published concerning the development and advancement of
ocular response analyzer (ORA), which is based on dynamic bidirectional ap-
planation process, Luce (2005). ORA is an in vivo technique, which in addition
to IOPG measurements also provide so-called corneal-compensated pressure
readings (IOPcc). Those are rather accurate for diseased and ablated eyes,
Chen et al. (2008). Another main outcome measures from ORA are corneal
hysteresis (CH) and corneal resistance factor (CRF). CH is a energy absorp-
tion capability of cornea, whereas CRF is an indicator of the overall tissue
resistance. Those new in vivo viscoelastic properties provide distinct biome-
chanical information, and can be useful in predicting treatment response after
refractive surgery. For example, there is a statistically significant decrease in
CH and CRF after LASIK, suggesting that the flap creation and ablation, or
both alter the ability of the cornea to absorb or dissipate energy, Pepose et al.
(2007); Ortiz et al. (2007). It was too late to incorporate new knowledge into
the present research, however, in future studies it is advisable to utilize new
data in the material description of cornea and evaluate CH and CRF as new
corneal parameters, clarifying their relations with IOPG and CCT.

Another source of error in GAT can appear due to the optometrist and/or
patient carelessness in following the procedure protocols. Deviations of tonome-
ter tip applications from the central applanation and/or shifting gaze from the
forward direction can lead to a paracentral applanation with peripheral cornea.
Those factors have the potential to produce erroneous IOPG measurements,
which could lead to misdiagnosis, Herzog et al. (2008). The motivation of this
work is therefore important to the ophthalmologic community. Strong points
and shortcomings of the executed analysis are discussed in the following.

7.1. Initial Configuration

We would like again to draw attention to the choice of stress-free configuration
and possibly existing pre-stresses. Since the analysis is nonlinear, those are
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important to the outcome of the simulation. As an a priori stress-free con-
figuration of the model is unknown, since geometry of the cornea is registered
by standard measurements in vivo. This known in vivo geometry describes
the cornea, deformed by IOP, and in the present study it is referred as the
calibration geometry.

7.1.1. 2D Model

In two dimensions the calibration geometry is the one deformed by IOP. An
inverse methodology was utilized to find an initial configuration. By pressure
loading of the posterior corneal surface, an initial stress-free geometry was cal-
ibrated after running a few preliminary calculations and making sure that the
resulting shape of the cornea matched known geometric factors at the end of ev-
ery simulation. It should be noted, however, that by combining different sets of
material parameters and stress-free geometries, there is a possibility to obtain
comparable pressure-displacement curves, and, accordingly, to receive another
alignment with the known deformed geometry. Thus, to determine a correct
initial geometry of the cornea, it is necessary to establish an accurate identifi-
cation procedure, which must be supported by a large set of experimental data
on both material and geometrical properties.

All simulations in 2D were carried out for two values of IOPT: 15mmHg
and 21mmHg. Obviously, when IOP is different, pressure-induced stresses
within the cornea are different as well. In further, we use the notation IOPG15

(or IOPG21), which corresponds to the GAT measurement of IOPT equal to
15mmHg (or 21mmHg). Existing experimental data are insufficient for the
construction of an adequate FE material model of the axisymmetric orthotropic
cornea; thus, certain assumptions were needed. The reference material param-
eters were picked from the published range in such a way, that when the in
vivo calibration cornea was loaded by a uniform IOP of 15mmHg, the derived
GAT reading was close to its true value. One can wonder, on what grounds
the exact values of orthotropic constants are chosen, since there is always a
possibility to select material data manually from the reported range in order
for the computed IOPG to give a perfect fit with IOPT. The reason is that
the initial baseline values of IOPG are less significant than the dependencies
in predicted IOPG on selected parameters. The investigation of the sensitivity
of GAT measurements to variations of certain parameters is of major interest,
as is the analysis of influence of those quantities on calculated IOPG and their
relation to IOPT. We obtained IOPG15 equal to 15.70 mmHg, which resulted
in error of 5% from the IOPT. For the same model, the calculated IOPG21 was
equal to 17.78 mmHg with an error of 15%. This disparity of results for various
IOPT could be explained by material linearity. Linear orthotropic description
of tissue, it seems, does not capture certain aspects of the corneal behaviour
under the application of IOP and GAT. On the contrary, nonlinear hypere-
lastic models showed reasonable behaviour under different IOPT. Numerically
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obtained IOPG15 and IOPG21 for nonlinear material models were both larger
than their respective IOPT values. Their spans of error were within 16% for
both cases, the exact magnitude of mistakes depended on the adopted corneal
material descriptions. Ehlers et al. (1975a) and Whitacre et al. (1993) report
in their manometric studies a systematic error in GAT accuracy, proportional
to the real IOP and CCT. This is consistent with the results, obtained from
isotropic hyperelastic models, Table 6.3. Different outcome is observed for
linear orthotropic models, Table 6.4, with larger error estimates for IOPG15

than for IOPG21. This again lead us to the conclusion of inadequacy of the
assumption of corneal material linearity.

7.1.2. 3D Model

The three-dimensional cornea model had a known calibration geometric profile
as an initial state, in comparison with the 2D model. When an eyeball was
loaded with IOP, the geometric configuration of the involved tissues changed
and pressure-induced stresses appeared, influencing the further behaviour of
the eye. The corneal reference geometry adopted for the analysis was rather
sophisticated, including different horizontal and vertical radii in the frontal
plane, non-uniform limbus width along its circumference and thickness vari-
ation with position, Figure 5.6. Adding the complexity of the constitutive
fiber-matrix corneal description and general anisotropy, the problem of extrap-
olating a stress-free configuration for such a model would be an extremely
challenging one. Since several corneal descriptions and geometric configura-
tions are adopted with the goal to investigate their impact on GAT readings,
such a modelling exercise represents an overwhelming task for the present anal-
yses. Nevertheless, the analysis of the rate of influence of pre-stresses in the
corneoscleral coat on IOPG readings has an important scientific significance.
This is left for future studies.

One of the obvious shortcomings observed in the model after the pressur-
ization was an appearance of regular astigmatism. The corneoscleral envelope
adopted a distorted shape after loading with IOP and diameter of the GAT
contact was different in different meridians, Figure 6.17. This should not be the
case for the healthy human eye. However, it can be argued that as a first step
towards an accurate recreation of the GAT procedure in a three-dimensional
model of the human eye, this drawback could be neglected.

7.2. Central Corneal Thickness (CCT)

There have been many reports published regarding the impact of CCT on GAT
readings in eyes with normal corneas. Although it is agreed that CCT does
affect IOPG, no consensus is reached concerning a specific formula for IOPG
correction in clinical practice. There are two approaches to provide correction
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algorithm for measured IOPG; one depends on clinical studies and another on
theory, Chihara (2008). In clinical studies it is hard to distinguish the influ-
ence of only one parameter, as CCT, corneal rigidity, tear film and etc., also
can affect the results. Manometric clinical trials are considered to be the most
accurate studies with IOP measured not through the ocular shell, but directly
in the cannulated eye. It is possible to investigate the accuracy of GAT predic-
tions, as IOPG can be measured and compared to the known manometrically
determined pressure. In some reports errors induced by GAT are found to be
proportional to the real IOP. For these studies, corresponding changes in IOPG
with CCT in Table 7.1 are given for the mean IOPT of 20mmHg, Ehlers et al.
(1975a); Whitacre et al. (1993). The results from Johnson et al. (1978) can
not be warranted, since only one patient case is considered. One can see that
the estimated correction factors are different for different manometric studies.
This could be explained on the basis that manometry is a laboratory technique,
where a continuous pressure measurements is performed over time. Since it is
invasive, its ethical use in humans is restricted to eyes undergoing enucleation
or intraocular surgery. This limits the length of time manometry can be carried
out. Additionally, no agreement exists on which point of the manometric pulse
curve corresponds to the compared static pressure. Hence, it is always difficult
to correlate static steady-state GAT tonometry with continuous manometry,
Kniestedt et al. (2008).

The population-based studies have classified eyes as normal or ocular hy-
pertensive based on the IOPG. A proportion of the ocular hypertensive eyes
could actually have a normal IOP but have an artificially raised IOPG because
of increased CCT, Ehlers et al. (1975b). Therefore, one could expect that the
estimation of the effect of CCT on GAT readings in these studies are inac-
curate and underestimated, as clinical analysed data may be flawed with this
systematic error. An example of the magnitude of mistakes biasing the results
is clearly shown in the major review by Doughty & Zaman (2000), Table 7.1.
The overview by Shah (2000) on published population studies propose as a
rough guide a use of 0.5mmHg correction difference between IOPG and IOPT
for 10 µm difference from the population mean (550µm).

Different methodologies in obtaining CCT data might also be a reason
to obscure a correlation between CCT and IOPG in both manometric and
population-based studies. For example, values of CCT found via ultrasound
pachymetry are larger than those obtained using optic pachymetry methods,
Rainer et al. (2004).

Purely theoretical consideration of IOP measurements also may help to
explain why errors occur during GAT procedure. Earlier mathematical pre-
dictions by Orssengo & Pye (1999); Liu & Roberts (2005) and numerical
modelling of Goldmann tonometry by Elsheikh et al. (2006) and Kwon et al.
(2008) produce results with similar trend as a statistical evaluation of clinical
data, where high CCT leads to IOPG overestimation and low CCT leads to
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Table 7.1: Relationship between corneal CCT and corresponding change in
measured IOPG.

Type of

Study

Source Change in IOPG,

[mmHg] per

10 µm change

in CCT

mean

CCT,

[µm]

Ehlers et al. (1975a) ± 0.71 520

Manometry
Johnson et al. (1978) ± 0.66 900

Whitacre et al. (1993) ± 0.20 -

Kohlhaas et al. (2006) ± 0.40 569

Ehlers et al. (1975b) ± 0.25 520

Wolfs et al. (1997) ± 0.19 537

Population Bron et al. (1999) ± 0.32 545

Shah et al. (1999) ± 0.11 554

Bhan et al. (2002) ± 0.23 551

Gunvant et al. (2005) ± 0.22 520

Tonnu et al. (2005) ± 0.28 -

Meta-review Doughty et al. (2000)
± 0.64A 530SLA

± 0.21H 544UA

Theoretical
Orssengo & Pye (1999) ± 0.63 520

Liu & Roberts (2005) ±[0.17; 0.49] 536

Numerical
Elsheikh et al. (2006) ±[0.06; 0.18] 536

Kwon et al. (2008) ± 0.16 537

Our Simulations

FEM, 2D
lin. orthotropic mat. ± [0.06; 0.18]

537
nonlin. isotropic mat. ± [0.17; 0.34]

Woo et al. (1972b) mat. ± 0.09

Bryant et al. (1996) mat. ± 0.1

FEM, 3D Elsheikh et al.(2005) mat. ± 0.1 537

Zeng et al. (2001) mat. ± 0.34

Wollensak et al. (2003) mat. ± 0.21

± here is either increase or decrease in CCT and corresponding IOPG; SL – slit lamp

and U – ultrasound pachymetry. Prefixes -A and -H mean that designated values are

reported for all considered subjects or just healthy subjects, respectively.
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IOPG underestimation. Those studies determined the dependence of IOPG
readings on both corneal geometry and material properties: the stiffer the
cornea, the higher the corneal resistance, hence, larger the influence of CCT
on GAT predictions. Orssengo & Pye (1999); Liu & Roberts (2005) analyses
utilized pressure-vessel theory and modelled cornea as a shell under the con-
dition of linear elasticity. According to Orssengo & Pye (1999) corneal elastic
modulus depends on intraocular pressure via equation E = 0.0229 · IOPT for
calibration corneal thickness. For IOPT=21mmHg that gives E = 0.48 MPa
and linear correction factor of ±0.063 mmHg per ±1 µm deviation of calibration
CCT, Table 7.1. Liu & Roberts (2005) showed that slopes of change in IOPG
measurements caused by variation in CCT were dependent on biomechanical
properties of the cornea. For example, for Young modulus of 0.19MPa and
10% difference in corneal thickness their model predicted 0.87mmHg difference
between IOPT and IOPG, whereas for E = 0.56 MPa resulting difference in
IOPG readings for the same amount of CCT change was 2.63mmHg.

Table 7.1 also contains the summary of the results from our numerical simu-
lations. The Rotterdam study by Wolfs et al. (1997) revealed a population with
CCTav = 537µm and range of recorded CCT from 427 to 620 µm. We consider
this range of CCT being a normal distribution of corneal thickness within a
population. The demonstrated overall trend of CCT influence on IOPG predic-
tions for all performed simulations was nonlinear, Tables 6.3-6.4; 6.9. However,
within a population with a normal variation of corneal thickness, the effect of
CCT on GAT readings was nearly linear, see Figures 6.15; 6.41. Thus, linear
regression was applied to our achieved data to facilitate comparison with clin-
ical observations and generate columns in Table 7.1. Relations between CCT
and IOPG deduced from the present analyses depended on material proper-
ties of the cornea. This is consistent with previous theoretical and numerical
studies. One can see that identified correction factors from our simulations are
within the reported range.

Correlations between CCT and measured IOPG in clinical trials are mostly
linear or exponential. The same outcome was observed during our numerical
simulations with the exception of 2D linear orthotropic material model, see
Figure 6.16. Material linearity can be one of the reasons for this discrepancy.
It seems that assumption of linear constitutive relationship for the cornea is
insufficient to accurately describe all aspects of the tissue behaviour under the
application of IOP and GAT. When corneal material descriptions were based on
inflation tests (i.e. Woo et al. (1972b); Bryant & McDonnell (1996); Elsheikh &
Anderson (2005)), the observed patterns of IOPG change with CCT were sim-
ilar. Corrections for CCT effect were always larger for the models with corneal
material properties based on tensile tests (i.e. Zeng et al. (2001); Wollensak
et al. (2003)) than for models with corneal data derived from inflation tests.
This is expected due to the differences in testing techniques and, subsequently,
the assumptions adopted during the establishment of the present models.
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Work by Ehlers et al. (1975a) was one of the first studies investigating the
influence of CCT on GAT readings. Thus, their equations describing the differ-
ence between manometric and tonometric pressures were the most commonly
used in the literature. Another popular correction algorithm was proposed by
Orssengo & Pye (1999), who created a table of convenient data conversion for
clinical practice. Table 7.1 shows that effects of CCT as predicted by Ehlers
et al. (1975a) and Orssengo & Pye (1999) formulae are the largest among the
reported in the literature. They are approximately 3–8 times larger than tono-
metric errors derived in the present work. Clinical study by Gunvant et al.
(2005) suggested that the models by Ehlers et al. (1975a) and Orssengo &
Pye (1999) lead to overcorrection of IOPG, overestimating the CCT-induced
error. This correlates with our results. In the work by Ehlers et al. (1975a),
the small number of subjects (29 eyes) and the accuracy of the experimental
protocol could be called into question, whereas some simplifying assumptions
in the study by Orssengo & Pye (1999), (e.g. postulation of spherical globe,
uniform corneal thickness, scleral rigid support, etc.) might be a reason for de-
viations between their IOPG estimation and other proposed corrections found
in literature.

It can be concluded that any study, whether it is manometric, clinical or
theoretical, has its own shortcomings and drawbacks. They can only provide a
guide on how inaccurate the measured IOPG is, when compared with IOPT.
The most important point, thought, is that change in corneal material stiffness
has a clear effect on the GAT response to CCT variation. This means that if
specific formula to correct CCT-induced errors in IOPG measurements exists, it
should include a parameter, characterizing the material behaviour of the cornea.
Without the ability to measure material properties of the tissue in vivo any
proposed global recalculating equation, no matter how comprehensive it might
be, would be strictly limited in clinical practice, Herndon (2006). The new
ORA in vivo technique is promising, but extensive research is required before
any meaningful conclusions could be reached regarding measured viscoelastic
properties and their relations with IOPG and CCT.

7.3. Refractive Procedures

The ultimate aim of the myopic refractive surgery is the induced flattening
of the central cornea, which is directly related to the removal of the stroma.
For both PRK and LASIK techniques the depth of the ablated stromal tissue
varies as a function of the refractive error to be corrected and the ablated area.
Such parameters as change in corneal curvature, the diameter and depth of
the ablation zone, and alteration of structural integrity of the cornea may be
expected to affect the GAT readings. In fact, it has been reported by numerous
studies that refractive correction of myopia leads to a decrease in IOPG. Con-
troversy exists on which factor or combination of those causes the reduction in
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post-operative IOPG measurements. Some studies report the correlation be-
tween tonometer readings and the ablation depth (e.g. Rosa et al. 1998; Emara
et al. 1998; Hornova et al. 2000), whereas others fail to find any statistically
significant difference in IOPG as a function of CCT change (e.g. Faucher et al.
1997; Zadok et al. 1999; Montes-Mico & Charman 2001). Proposed equations
to correct erroneous IOPG using refractive correction were not sufficiently reli-
able. For example, reviewing 8113 eyes post-LASIK, Chang & Stulting (2005)
found a statistically significant correlation between the reduction of IOPG and
the amount of refractive error. However, the correlation was weak, R2 = 0.009.
In above, supported by data accumulated in present work and corroborated
by recent studies, conclusion was reached that predicted IOPG depends on
material properties of the cornea. After the myopic refractive surgery corneal
biomechanical properties are changed. Removal of the central stroma evokes
the mechanical modification of the cornea, resulting in the alteration of corneal
structural dynamics and a subsequent decrease in elasticity. This change in
material behaviour is likely to have a significant influence on post-operative
GAT measurements beyond the amount that would be accounted for by the
mere reduction in CCT, Kirstein & Husler (2005). In the present study we
used material data obtained from healthy corneas. Our results cannot be ex-
tended on the patients who have undergone corneal refractive procedure, since
this would require remodeling of material behaviour of the cornea and incor-
poration of a new set of geometric parameters. Special attention should be
paid to the distribution of collagen fibrils, as they are partly disrupted after
the ablation, thus decreasing the stiffness of the tissue. This is a whole new
modelling exercise, and it is left for future studies.

Unlike myopic laser surgery, during the hyperopic refractive correction cen-
tral cornea is steepened indirectly by removing the peripheral annulus of stroma
with relative sparing of 5–6mm of optical zone. The central 0.9mm of the
cornea is left relatively untouched by procedure, Jackson et al. (1998); Azar &
Primack (2000). Clinical studies show a decrease in measured IOPG following
hyperopic PRK and LASIK, Munger et al. (2001); Zadok et al. (2002). Since
there is no change in CCT, other mechanisms are responsible for IOPG un-
derestimation. The most likely cause of IOPG reduction is the biomechanical
changes in the cornea due to alteration of structural integrity of the tissue.
This proves again the importance of corneal stiffness, which should be taken
into account for the accuracy of IOPG readings.

The difference between PRK and LASIK outcome is that original epithe-
lium and Bowman’s membrane are preserved during the LASIK surgery. It was
demonstrated that decrease in IOPG was smaller after LASIK than after PRK
for the same amount of refractive correction, Montes-Mico & Charman (2001).
It is argued that the removal of Bowman’s layer during PRK is a reason for
decreased corneal resistance to indentation and, consequently, larger reduction
of GAT readings after the surgery, Mardelli et al. (1997). Other studies sug-
gest that differences in surgery technique lead to differences in healing process,
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Patel & Aslanides (1996). It is speculated that a general softening of the tissue
following the natural healing process after PRK might affect ocular rigidity
and IOPG. Following LASIK different corneal layers are better preserved, thus
the reduction in GAT readings is lower.

7.4. Biomechanical Parameters

On the whole, it is shown above that corneal biomechanics affects GAT pre-
dictions. Biomechanical parameters may vary across orders of magnitude, es-
pecially following the refractive surgery and in pathological conditions. Since
variability of biomechanical factors is significant, their effect on GAT readings
might be rather substantial. In the present study we used several models and
carried out numerous simulations to evaluate the influence of different material
parameters on the resulting IOPG.

7.4.1. 2D Model

In 2D we considered axisymmetric models of cornea alone. One of the adopted
material model was nonlinear and isotropic. The material constitutive laws
were obtained from membrane inflation experiments by Woo et al. (1972b);
Bryant & McDonnell (1996); Elsheikh & Anderson (2005), except for one case,
where elastic properties of the tissue were received from pressurizing a series
of five circular layers cut from different depths of the cornea, Fernandez et al.
(2005). This experimental study allowed us to incorporate inhomogeneities in
stroma stiffness with depth variation. The outcomes of two analyses based on
data from Fernandez et al. (2005) were compared, where one material model
emulated transition in stiffness through the corneal thickness, while another
model was homogeneous, utilizing average material parameters, see Table 5.2.
Only 6% difference in predicted IOPG was observed. This is due to the as-
sumption of fully bounded cornea layers. It is possible that influence of in-
homogeneity of cornea through its thickness is larger than that, as in reality
corneal lamellae interact with each other. In future studies contact interactions
between layers should be modelled.

For all nonlinear isotropic material models considered, the observed pat-
tern of IOPG changes with CCT were similar. The largest IOPG variation with
thickness was observed for the models based on Fernandez et al. (2005). There
are several reasons for this. First of all, the experimental technique utilized
by Fernandez et al. (2005) is invasive, which makes tissue swell and effectively
destroys the support from collagen fibers not oriented in the direction of the
cut. An unloaded tissue block has insufficient rigidity to contain its natural
curvature, assuming planar shape with parallel surfaces. Secondly, Fernandez
et al. (2005) performed force measurements under levels of strains up to 50%,
whereas during cornea inflation tests recorded strains did not exceed 8%. When
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different stress-strain data were fitted by exponential functions (we only used
data points up to 30% deformations from Fernandez et al. (2005) study), cal-
culated tangent moduli at 1% strain for all the material models were within
similar range from 0.09MPa to 0.20MPa, Table 5.2. Nevertheless, nonlinear
material behaviour is sensitive to the strains at which constitutive relationship
is derived. Corneal deformations of 10% is already rather high for the sim-
ulations, where only IOP and GAT loadings are considered. Thus, material
data from Fernandez et al. (2005) seems to be less accurate in representing the
stress-strain relation suitable for our analysis, than the rest of adopted corneal
descriptions. That should be kept in mind, while interpreting the results.

To evaluate the effect of each biomechanical quantity on the IOPG predic-
tions, a linear orthotropic model was adopted. It was illustrated that in our
model out of nine material constants characterising an orthotropic material
only five significantly influenced the final IOPG measurements: E1, E2, E3,
ν12 and G12. All these parameters affected the IOPG readings non-linearly,
see Figures 6.6 – 6.13. For variations of E1 and G12 the overall trends of
IOPG behaviour were similar. Calculated IOPG values changed at different
rates in different regions of possible distributions. Since the exact range of E1

and G12 values are unknown, each such region should be fitted with a differ-
ent nonlinear function and investigated separately to derive the overall effect
of the variable. Second-degree functions approximated IOPG predictions with
necessary accuracy for all possible variations of parameter.

To derive meaningful conclusions about degree of influence of each material
parameter on the variation of IOPG, either the absolute magnitude of the pa-
rameters should be similar or normalized values of those quantities ought to lie
within the same range. At least some range of published experimental data was
found for the elastic measures of corneal rigidity. Thus, the effects of E1, E2, E3

on the IOPG were analysed separately in one region. It is apparent that the
magnitude of E1 is essential for the model outcome, since GAT tonometry is
performed perpendicularly to the mean corneal surface in a radial direction. It
holds true, as derived IOPG readings were the most sensitive to the pertur-
bation of ±25% and ±50% from E10. Slightly less effect was produced by the
variation of meridional corneal modulus, whereas modulus in hoop direction
had the smallest influence on the IOPG, Table 6.1. This result is consistent
with our preliminary report, Ljubimova (2007). Regarding the sensitivity of
the model to the alterations of E1 and E3, two investigations were performed
when IOPT = 15 mmHg. First, resulting IOPG was approximated with linear
functions and the slopes within ±50% range were calculated. The computed
angular coefficient for the line produced by variation of IOPG vs meridional
modulus is higher than that of produced by variation of IOPG vs radial mod-
ulus (i.e. tE3

= 0.049, tE1
= 0.037), see Figure 7.1(a). Thus, when linear

regression is applied, the influence of E3 on simulated GAT readings is higher
than the influence of E1, since, in general, it grows faster. Secondly, the rate
of IOPG change with respect to those moduli was calculated, Figure 7.1(b).
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One can see, that when perturbation of E1 and E3 from baseline values is less
than about +12%, the degree of influence of E1 on model behaviour is higher
the that of E3, whereas when deviation of parameters is bigger than +12%,
the result is the opposite. Clearly, with other initial postulates, the effect of
elastic modulus in meridional direction could be larger than the effect of elastic
modulus in radial direction. Thus, according to our linear orthotropic model
influences of E1, E3 on the resulting IOPG were comparable.
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Figure 7.1: (a) Influence of E1, E2 moduli variation on IOPG readings as predicted

by linear orthotropic models. (b) The rate of IOPG change with respect to those
moduli. True IOP = 15 mmHg;

Table 6.2 shows that the overall most noticeable effects on IOPG (i.e. sum-
mation of ∆, when multi sub-regions considered) were produced by alterations
in the elastic radial modulus E1, the meridional modulus E3 and the shear
transverse modulus G12, respectively. It is incorrect to draw final conclusions
from those total variations of predicted GAT readings as they depend on the
adopted span of the parameter values. In general, parameter variation is chosen
to be comparable with the values found in literature and also to successfully
meet the requirements of the analysis. Whereas it seems that for some quan-
tities maximum possible ranges are achieved (e.g. for E1 and G12 variations),
for others there are some limitations due to the initial assumptions. Simula-
tions were successfully completed for rather wide range of E3 and E2. Baseline
values for E20 at the corneal apex were derived from the provided values of
E30. We modelled the transition in dominant stiffness from apex to limbus as
depicted in Figure 5.4(a). This means that the condition E2 ≤ E3 must hold
true at the corneal apex to ensure the correct distribution of the meridional
strain after IOP, Hjortdal (1996). The adopted postulate imposes restrictions
on the upper boundary of E2 span (should be less than E30) and on the lower
boundary of E3 span (should be more than E20). This reduces the size of each
parameter probable range, and, consequently, the overall variation in measured
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IOPG. Initial assumption of E20 magnitude can also be called into question.
E20 obeyed the relation E20 = 0.724 E30, as we intended to model ”nearly
transversally isotropic” law in plane (2− 3), see Chapter 5.2.2, page 73. There
was no indication found in the literature about the relationship between merid-
ional and circumferential elastic moduli, thus, their difference was assumed to
be small, with the intention for both elastic constants to fit the range of data
collected in Table 4.1. Other initial postulates would lead to different ranges
of E3 and E2 and, therefore, to different IOPG variations.

As experimental data on values of transverse shear modulus are very scarce,
all three proposed sub-regions are of interest. Overall influence of this parame-
ter on the GAT outcome was estimated to be around 4.5 mmHg for our linear
orthotropic model with all adopted assumptions, see Table 6.2. The impor-
tance of transverse shear modulus in similar kind of analysis was proposed by
Tovstik & Tovstik (2007). In this study analytical relationships characterising
deformations of transversally isotropic plates under the normal pressure are
derived and compared with the solutions of the three-dimensional elasticity
equations. In their work they observed that the transversal shear modulus had
significant influence on the plane deformations. Our numerical simulations uti-
lized ”nearly transversally isotropic” law (with the exception of in-plane elastic
moduli), and G12 influence on the resulting behaviour was also rather impor-
tant. It is worth mentioning, that although five layers were modelled thorough
the thickness of the cornea without any contact interaction (each layer share
similar nodes with adjacent layers), they also have different shear transverse
moduli, as G12i depend on E30i.

Linear orthotropic model was the most sensitive to the variation of E1,
E3 and G12. When each of those engineering constants increases, IOPG mea-
surement increases. Three more cases of orthotropic models were analysed to
investigate the dependence of CCT variation on the magnitudes of material pa-
rameters, which had the major influence on the resulting GAT readings. With
an increase of any moduli for similar range of CCT, variation of IOPG increases.
This means that the change in material stiffness in any direction has a clear
effect on the GAT response of CCT variation. Comparisons can be drawn be-
tween outcome of 2D finite element simulations and results achieved by Kwon
et al. (2008). Their work presented a simplified 2D model of the cornea, em-
ploying a nonlinear transversely isotropic material model as well as taking into
account initial stresses existed in the eye in vivo. They showed that the ma-
terial properties of cornea were important for the accuracy of IOPG readings.
This is in agreement with our results. Kwon et al. (2008) reported that for
calibration geometry, when Ep (Young’s modulus in the planes of isotropy par-
allel to the corneal surfaces) is lower than 0.23MPa, IOPG is underestimated,
whereas when Ep is greater than 0.23MPa, GAT readings are overestimated.
In our simulations E3 (E2) carried similar meaning as Ep, their reference values
were 0.362MPa (0.262MPa), which was compatible with Kwon et al. (2008)
observed values.
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7.4.2. 3D Model

In 3D the whole eyeball was modelled. It consisted of cornea, limbus and
sclera with different material behaviour, with incorporation of the fluid-filled
cavity of the corneoscleral envelope. Corneal tissue was described as nonlin-
ear anisotropic material, characterized by an isotropic matrix and two sets
of reinforcing rebar layers. Special mesh was designed to capture the known
observations about the distribution of reinforced fibers. A finite element im-
plementation was used to reproduce uniaxial tests on corneal samples and to
simulate the mechanical behaviour of the whole cornea under the IOP loading.
It was shown that with carefully chosen parameters the proposed corneal ma-
terial model was able to capture the uniaxial and inflation responses with good
accuracy. Derived constitutive laws for the ground substance and embedded
rebars were used in GAT simulations. Effects of different scleral materials on
the model outcome was limited. This result is consistent with previous studies
(e.g. Hanna et al. 1992; Elsheikh et al. 2006), and predictions by our 2D model.

Preliminarily, corneal limbus was assumed to be reinforced only by the
rebars in the hoop direction. It was shown that pressure-induced thickness dis-
tribution was inconsistent with experimental observations, as corneal thickness
at limbus was smaller than in corneal apex. Then, tangential rebars were also
added to the corneal limbus, although fewer than circumferential. Different
ratios of the corneal limbus rebars were tested and model with the best fit to
the known experimental data was adopted as the main model. When com-
paring resulting IOPG for models with different corneal limbus constructions,
fundamental geometry and similar material data, the marked difference did not
exceed 2%, Tables 6.5; 6.8. It can be concluded, that although corneal limbus
construction has an influence on the model outcome (compare stress and strain
distributions of main and preliminary models), it does not significantly affect
IOPG predictions.

All 3D models were divided into two groups with similar behaviour pat-
terns: the first group consisted of models with corneal constitutive relation-
ships derived from numerical simulations of inflation tests, whereas the second
group included models with corneal data sets identified from strip extensiome-
try tests. We chose two typical representatives from each group as models with
corneal material property constants based on Woo et al. (1972b) and Zeng
et al. (2001), respectively. Figures 6.29–6.29 show thickness distributions in
the corneal tissue after IOPT loading. Obtained pressurized lay-outs of thick-
ness are symmetric relative to the vertical or horizontal diameters. Peripheral
cornea and limbus have larger values of thickness in nasal-temporal than in
inferior-superior areas. It implies that pressure-induced changes in corneal
thickness at periphery were smaller along horizontal than vertical diameters.
This observation suggests larger strains within the cornea at the periphery and
limbus along vertical than horizontal directions, as verified in Figure 6.34. This
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is due to non-uniformity of the corneal profile around its circumference, mod-
elled as described in Section 5.3.1. Overall changes in thickness were smaller for
the model with material property constants identified from Woo et al. (1972b)
than identified from Zeng et al. (2001). This indicates higher strains following
IOPT loading for the model based on Zeng et al. (2001) experiments, which
was confirmed during the simulations.

Considering the distribution of von Mises stresses within the corneal tissue
following application of IOPT, stresses in the models with corneal description
based on inflation tests were approximately 1.5–2 times larger than stresses in
the models with corneal description based on uniaxial strip tests, Figure 6.36.
It was corneal reinforcements that defined general lay-out of maxima stresses.
The contribution from the rebars oriented vertically at the corneal apex was
larger than those from the rebars oriented horizontally. Maxima of stresses
were achieved at the centre and paracentral area along the vertical meridian of
all the corneas. Following full applanation, the stress distribution changed, Fig-
ure 6.39. The vertical reinforcement set continued to support the most of the
load, but maxima stresses shifted to more peripheral parts of the corneas. Un-
der the GAT procedure stresses redistributed away from the applanated area.
They decreased at the tonometer contact area and along the vertical meridian,
whereas starting from the end of tonometer contact area, they increased. At
the transitional zone (i.e. corneal and scleral limbus), changes in stresses were
minimal after application of GAT (as comparing after loading with IOP), indi-
cating again that limbus and sclera did not have major influence on the IOPG
predictions from our model.

Different material descriptions of corneal tissue in 3D had significant in-
fluence on the models behaviour. Adopted stress-strain relationships for the
cornea derived from inflation experiments were rather similar, therefore IOPG
variations with CCT resembled each other for those models. The change in
IOPG per 10 µm change in CCT was around 0.1mmHg for all considered mod-
els, (e.g. Woo et al. 1972b; Bryant & McDonnell 1996; Elsheikh & Anderson
2005), see Table 7.1. Uniaxial strip testing technique is not as accurate to
produce constitutive laws for the corneal specimen as bi-axial loading during
the inflation. Initially four different experiments were numerically recreated to
deduce needed corneal data, but only two of them were adopted to investigate
the effect of material properties on the resulting IOPG. Those were studies by
Zeng et al. (2001) and Wollensak et al. (2003). The overall IOPG variations for
these models were larger than for the models with material property constants
identified from inflation tests. The pattern of stress distribution was different
for both considered groups, due to the differences in stress-strain curves for
the reinforcing rebar sets and stiffnesses of the embedded isotropic matrix. For
example, the elastic modulus of ground isotropic substance adopted after the
tension strip tests was two and a half times higher than the one, calculated
during inflation tests. Rebars and ground matrix contribute separately to the
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distribution of stresses and strains, thus, even under the same loading con-
ditions, similar components with different material behaviours bear different
loads.

Results of the numerical study by Elsheikh et al. (2006) can be compared
with the outcome of our simulations in 3D. Similar to our approach, they
used a calibration geometry as initial configuration and came to the conclusion
that the effect of CCT on IOPG depends on the adopted corneal material
models. The results of considering six different corneal material models with
initial calibration geometry on IOPG predictions are illustrated in Figure 7.2.
Resulting IOPG are taken from Table 6.8. Initial elastic corneal moduli are
the one at 1% strain, listed at Table 5.3; 5.4 for corneas based on uniaxial strip
tests and inflation tests, respectively.
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Figure 7.2: Numerical estimation of the material properties influence on the IOPG
predictions. True IOPT= 21mmHg.

For the maximum change in corneal material properties (from E = 0.08 to
1.51MPa) the change in IOPG is 14.4mmHg, most of which is observed when
cornea is derived from strip tensile tests and material model is stiffer than
0.18MPa. Clearly, the material model alone has profound effect on GAT mea-
surements. This result is comparable with the one, reported by Elsheikh et al.
(2006).

7.4.3. Pre-corneal Tear Film

Some theoretical studies considered the influence of tear film on the resulting
IOPG, Liu & Roberts (2005); Elsheikh et al. (2006). The tear film produces
capillary attraction, which pulls the tonometer head towards the cornea and
increases the measured applanation force. It is derived that meniscus surface
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force is approximately 0.415g which is equal to a pressure 4.15mmHg, Damji
et al. (2003). If we assume that this surface tension force is the same for all the
healthy corneas, the corresponding pressure should be subtracted from IOPG
measurements. In the present analyses the effect of tear film is not considered,
since it would just skew the results by a certain predefined magnitude, whereas
our main interest is to investigate the behaviour patterns of the models.

7.5. Applanation Technique

A third possible source of error in GAT examined in the present dissertation
was the tonometer applanation technique. By this we implied the deviations in
tonometer application from a central positioning. There are rather few exper-
imental studies investigating this error. The majority of them are concerned
with the effects of eye position. It is known that the direction of gaze dur-
ing the tonometry affects the IOPG measurements. This is presumed to be
the result of rectus muscle tension on the globe, Lyons (1971). According to
the clinical reports, during the upgaze there is an unambiguous elevation in
IOPG, Reader (1982); Spierer & Eisenstein (1991). When gaze is shifted in
other directions, the resulting GAT readings show scatter, either increasing
when compared to measurements in the primary position, or decreasing, Zap-
pia et al. (1971); Nardi & et al. (1988); Rask & Behndig (2006). It is hard
to determine the exact mechanisms responsible for gaze-dependent tonometry
results. Questions arise on whether this dependence is related to the excursion
of the globe, or if it is due to the applanation carried out on the peripheral
cornea, or both. A recent study by Herzog et al. (2008) addressed this issue.
They performed conventional upgaze tonometry (eyeball rotation and paracen-
tral applanation) and similar tonometry by head inclination (eyeball rotation,
but central applanation). Results indicated an elevation of IOPG prediction
for gaze-dependent tonometry. However, the GAT measurement for a head in-
clination case (0.4mmHg) was lower than for conventional upgaze (2.9mmHg).
It can be proposed that the rise in GAT estimates in conventional upgaze to
a significant extent relates to the measurement error due to non-central ap-
planation. To our knowledge, the impact of paracentral applanation on IOPG
has never been investigated in any theoretical or numerical study. We tried
to evaluate a preliminary range of this, possibly, clinically important source of
errors in GAT.

In our simulations, we examined variations in tonometer tip applanation in
the horizontal direction. No orbital tissues or extraocular muscles were included
in the model. For two considered paracentral GAT applications, the behaviour
patterns of IOPG with CCT were similar to the primary central position. The
range of deviations of IOPG was found to be 3 to 6mmHg for tonometer tip
shift equal to 5% of the horizontal corneal radius (with or without 5o rota-
tion). This implied that errors in GAT predictions were between 14–27% of
the IOPT. These mistakes are clinically significant. It is difficult to compare
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numerically estimated IOPG variations due to paracentral applanation and the
above-mentioned clinical reports. First of all, there are considerable dispersion
in experimental protocols among clinical studies: different directions of the
gaze shift or head inclination, positions of the focus targets and corresponding
movements of the eyeball, maximum deviations from primary position of the
gaze (i.e. extremes), etc. Secondly, it is still disputable whether the experi-
mentally received pressures are skewed because of tonographic effects, effect of
accommodation or repeated tonometry measurements, Mauger et al. (1984).
Any of these factors tends to reduce IOPG readings, and the majority of clin-
ical trials are not corrected for this aspect, Whitacre & Stein (1993). Yet,
received results provide an insight into how paracentral applanation could in-
fluence the GAT outcome. The peripheral parts of cornea are thicker and differ
in stiffness from the central cornea, certainly affecting the IOPG readings. Ac-
cording to the performed simulations, applanation with a paracentral cornea
produces clinically important errors to GAT measurements. More elaborate
experimental and numerical studies should be conducted to explicitly evaluate
the influence and thoroughly determine the impact of paracentral applanation
on the accuracy of IOPG. In future theoretical analyses it is advisable to sim-
ulate the effect of a tonometer tip shift along the corneal vertical diameter,
as the outcome could be validated and compared with the results recorded by
numerous upgaze tonometry studies.



Chapter 8

Conclusions and Outlook

8.1. Concluding Remarks

This thesis addresses the reliability of Goldmann-type applanation tonometers.
We investigate the relationship between predicted IOPG and true IOPT, ex-
isting in the eye. An attempt is made to qualitatively understand by means
of FEA how CCT, material parameters of cornea and sclera and paracentral
applanation affect the outcome of GAT. Models in 2D and 3D are developed
and a number of parametric simulations are conducted to study the accuracy of
IOPG predictions to the variation of each characteristic quantity. The result-
ing error estimates of IOPG associated with variability of each parameter are
calculated, analysed and compared to the existing observations and previous
theoretical studies.

It is universally recognized that IOPG depends on CCT. Our study sup-
ports this notion. Although the influence of CCT on IOPG from our simulations
is nonlinear, within the population with normal CCT distribution, this effect
is nearly linear. The identified correction factors are within the range reported
by various manometric, population and theoretical studies. It is demonstrated
that the effect of CCT is highly dependent on the corneal material properties.
In fact, the influence of material parameters alone on IOPG seems to be larger
than the influence of CCT on IOPG.

A 2D axisymmetric linear heterogeneous orthotropic model is adopted to
evaluate the effect of each biomechanical quantity on IOPG. The material con-
stants affect GAT readings non-linearly. The overall largest effects are produced
by alterations in the elastic radial modulus E1, the meridional modulus E3 and
the shear transverse modulus G12. Whereas it is apparent that magnitude of
E1 is essential for the predicted IOPG, significant influence of meridional and
shear transverse moduli is a new knowledge. Change in their values has a clear
effect on the GAT response of CCT variation.
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When corneal behaviour is governed by nonlinear constitutive laws derived
from inflation tests, the observed pattern of IOPG changes with CCT resembles
one another. The deviations of IOPG with CCT are larger for the models with
corneal material data derived from tensile tests than for the models with corneal
material data based on inflation tests. It seems that inflation experiments are
more accurate for capturing the stress-strain behaviour of the tissue. This is
valid for the 2D model as well as for the 3D model.

The 3D model of the cornea represents a nonlinear anisotropic composite
structure with layering pattern of reinforcing collagen (two sets of families)
parallel to the surface and embedded in a matrix of lower stiffness isotropic
material. A finite element implementation is used to reproduce uniaxial tests
on corneal samples and to simulate the mechanical behaviour of the whole
cornea under the IOP loading. It is shown that with carefully chosen parame-
ters, the proposed corneal material model is able to capture the uniaxial and
inflation responses with good accuracy. This illustrates the good performance
of the model and the physical mechanisms that are inherited by the consti-
tutive model. The ability of the model to reproduce the behaviour of human
cornea, despite large experimental dispersion opens a promising perspective for
the future numerical simulations. The influence of corneal material properties
is crucial for the IOPG predictions.

The errors in tonometer application technique lead to paracentral applana-
tion. In the present study we show that the mistake produced by paracentral
applanation may be essential, thus must be either avoided or carefully consid-
ered for the correction. All developed models predict limited effects of boundary
conditions at limbus and of various scleral material descriptions on the resulting
IOPG. This is in agreement with different published data. The contact stress
distribution between the tonometer and the corneal anterior surface are simi-
lar for all present models and conforms to the one observed in simulations by
Elsheikh et al. (2006). The area of highest contact stresses is located at about
two thirds of the tonometer radius at full applanation. The shortcomings of
executed analyses could be explained by certain initial assumptions during the
model establishment. In 3D, one of the observed drawbacks resulting in the el-
liptical shape of tonometer contact area, is due to the absence of pre-stresses in
the corneoscleral envelope, utilization of in vivo initial configuration and com-
plex non-uniform geometry of limbus. However, we believe to minimize this
error using Goldmann clinical method to average IOPG readings. In 2D, the
assumption of linearity of constitutive corneal model seems to be insufficient
to capture all the aspects of corneal behaviour under the application of IOP
and GAT. Nevertheless, this is done to study the behaviour pattern of IOPG
dependence on the variation of each of orthotropic material constants.
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8.1.1. Summary

The proposed numerical models are valuable to the scientific community, since
they can be used as tools for suggesting the magnitudes of the influences of
corneal biomechanics and paracentral applanation on GAT outcome. Any of
these two parameters have a potential to affect IOPG to a higher degree than
variation in CCT. The important new knowledge is the introduction of the
modelling procedures that incorporate the synthesis of disparate sets of geo-
metric and mechanical data from a variety of published sources. Numerically
recreated experimental tests accurately capture mechanical behaviour of the
tissue and are used to derive material laws for the unknown parameters (i.e.
ground substance and embedded rebars) for further utilization in GAT simula-
tions. Different configurations of the structural model can easily be simulated
by appropriate adjustments of parameters. The reported modelling exercises
serve as a platform for understanding the biomechanics of the normal corneal
tissue. After careful validation against experimental data, established FE mod-
els can be extended on the tissues, deformed by disease or any kind of surgery.
In turn, a full comprehension of biomechanical processes in the cornea leads to
better insight about the dependencies of predicted IOPG from various prop-
erties, particularly, in pursuit of necessary corrections required to achieve ac-
curate IOPG readings. In general, we believe that all introduced models show
rather predictable, reasonable behaviours, which are favorably consistent with
different published data. Thus, the proposed numerical procedure is certainly
useful in its present form. The more detailed and sophisticated models bring
new demands on the physiological experimentation, primarily, the necessity of
establishing in vivo methods for independent measurement of tissue biome-
chanics. As corneal stiffness clearly affects GAT predictions, clinically useful
corrective formula for IOPG estimates should include certain material char-
acteristics. To avoid all possible limitations, this essential corneal parameter
must be derived from the in vivo methods.

8.2. Future Research

A natural improvement of today’s model is to use high quality experimental
data. The knowledge of precise corneal topography and regional differences in
the collagen distribution may be used to reconstruct the present 3D corneal
mesh with reinforced rebar elements and better capture the anisotropy of the
tissue. The recent in vivo ORA technique produces new corneal properties, CF
and CRF, as well as IOPG readings. The suggested next step in the research is
an attempt to incorporate a new parameters into the material description of the
cornea. The influence of newly available viscoelastic data are to be evaluated
and their relations with IOPG and CCT are to be clarified.
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Regarding the models presented in this thesis, possibilities exist for further
development. A series of suggestions are listed below:

• Pre-stresses should be included in the 3D model. This can be done by
means of inverse methodology from the known in vivo geometric con-
figuration. Several steps can be performed in calibration: from simple
geometry (cornea and sclera represent parts of sphere) to more complex
one (cornea is part of ellipsoid; model includes limbus, non-symmetry);

• Several layers along the thickness of corneal stroma could be mod-
elled. They represent ”general” stromal lamellae, as in reality there
is a large number of them. Contact interactions should be included as
well. Within each layer regional distribution of collagen fibres may be
modelled differently. This gives more flexibility to the analysis. It also
allows to include low shear stiffness, which is noticeable when rubbing
cornea between fingers due to the relative movements between stromal
lamellae;

• All five anatomical corneal layers with different material descriptions
could be modelled: epithelium, anterior limiting lamina, stroma, Desce-
ment’s membrane and endothelium;

• When normal average corneal behaviour is verified against multiple ob-
servations, next step is to model unhealthy, keratoconus and ablated
corneas and investigate the accuracy of GAT readings in these cases.

• For future experimental studies, we can advise to investigate the GAT
outcome, when an optometrist intentionally places the tonometer tip at
the paracentral cornea. This way, it is easier to control the amount of
displacement from the primary central position and analyse the mistake
produced by this deviation. By knowing the variations in GAT applica-
tion, it is also easier to integrate this source of error into the numerical
analysis, and to further validate a tonometric model.



Appendix

The accommodation is an ability of an eye to focus on objects at various
distances from itself. It is universally accepted that visual accommodation is
primarily achieved by alteration of the shape of the crystalline lens, arising
both from controlled changes in curvature and thickness along the lens’s polar
axis, mediated by ciliary muscle contractions.

Angle Closure Glaucoma (ACG) is also known as acute glaucoma or
narrow angle glaucoma . Usually there is obstruction to outflow of aqueous
by iridotrabecular contact which causes a quick rise in IOP. An acute attack is
an emergency condition.

The amplitude of accommodation is the difference, expressed in diop-
ters (D), between the far point of accommodation (the rest state of an eye)
and the near point of accommodation (fully accommodated state of an eye)
measured clinically from the spectacle plane. It is equivalent to the inverse of
the distance in which healthy, so-called emmetropic eye can focus clearly.

The angle is the place where the iris meets the cornea. The iris blends into
the sclera via a mesh-like fibrillar structure called the trabecular meshwork .
This area is normally wide open to about 30o or so. If this angle gets narrower
— the angle is said to be compromised. In such a condition — the intraocular
pressure (IOP) might go up causing narrow-angle glaucoma . Some circum-
stances could cause this area to narrow to 0o, an ocular emergency, angle
closure glaucoma (ACG).

The aniridia is the congenital absence of the iris.

The aphakia is the absence of the natural crystalline lens of the eye.

The anterior chamber is the area bounded in front by the cornea and in
back by the lens, and filled with aqueous.
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The aqueous (aqueous humour) is a watery solution in the anterior and
posterior chambers of the eyeball. It is a clear mass which connects the cornea
with the lens of the eye and helps maintain the convex shape of the cornea,
which is necessary to the convergence of light at the lens. In health the aque-
ous humour does not mix with the firm, gel-like vitreous humour. Aqueous is
produced by the ciliary body.

The artery (central retinal) is a branch of the ophthalmic artery that enters
the retina from the middle of the optic nerve and supplying blood to the eye.

In astigmatism the refractive power of the eye is different in different merid-
ians. The cornea and the lens cannot bring the light rays to the precise point
on the retina to provide clear vision; thus, objects will appear blurry at any
distance.

The canal of Schlemm is the passageway for the aqueous fluid to leave the
eye. Blockage of this canal can result in an increase in intraocular pressure and
glaucoma.

The choroid , which carries blood vessels, is the inner coat between the sclera
and the retina. It is darkly colored, so that reflection within the eye is limited.

The ciliary body is an unseen part of the iris, and these together with the
ora serrata form the uveal tract. Ciliary body is responsible for producing the
aqueous humour that circulates in the chambers of the eye. It contains the
multi-unit smooth ciliary muscle.

The conjunctiva is a clear membrane, which is covering the white of the eye
(sclera) and lines the inside of the eyelids.

The cornea is a clear, transparent portion of the outer coat of the eyeball
through which light passes to the lens. It is a powerful refracting surface, pro-
viding 2/8 of the eye’s focusing power. This surface is extremely sensitive —
there are more nerve endings in the cornea than anywhere else in the body.
The cornea is comprised of 5 layers: epithelium, Bowman’s membrane, stroma,
Descemet’s membrane and the endothelium.

The crystalline lens (lens) is a transparent structure, enclosed in its cap-
sule, is situated immediately behind the iris, in front of the vitreous body, and
encircled by the ciliary processes, which slightly overlap its margin. It helps to
focus light on the retina, by changing its shape.
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The hyperopic eye is an eye with a refractive error, when the cornea and lens
focus light rays behind the retina (either cornea is too flat, or lens is too weak).
Hyperopia is also called farsightedness , since the patient can see clearly far
away but not up close.

Hypotony refers to intraocular pressure below the normal range, while hyper-
tony refers to IOP above the normal range. Usually, the latter is diagnosed
when IOP presents a value equal to 5 mmHg or less and occurs when the rate in
the production of aqueous humour is decreased or the outflow rate is promoted
abnormally. Hypotony may result in visual impairment due to corneal changes,
accelerated cataract formation and retinal detachment.

Glaucoma is an eye disease in which the internal pressure in the eyes increases
enough to damage the nerve fibers in the optic nerve and cause vision loss. The
increase in pressure happens when the passages that normally allow fluid in
your eyes to drain become clogged or blocked. The reasons that the passages
become blocked are not known. There are several types of glaucoma: primary
open angle glaucoma (POAG), angle closure glaucoma (ACG), nor-
mal tension glaucoma (NTG) and secondary glaucoma (SG).

The emmetropic eye is an eye with normal vision acuity, when the focusing
powers of the cornea and the lens are perfectly matched to the length of the
globe. The parallel light rays in that case are focused precisely on the retina.
The eye’s focal point is at infinity.

The Extraocular Muscles (EOMs) are six tiny muscles that surround the
eye and control its movements. The primary function of the four rectus muscles
is to control the eye’s movements from left to right and up and down. The two
oblique muscles move the eye rotate the eyes inward and outward.

An intraocular lens (IOL) is an implanted lens in the eye, usually replacing
the existing crystalline lens because it has been clouded over by a cataract.
They usually consist of a plastic lens with plastic side struts called haptics to
hold the lens in place within the capsular bag.

The intraocular pressure (IOP) is the tension exerted by the contents of
the globe on the corneoscleral envelope. The distribution of IOP within the
general population is in a range of 15− 21 mmHg.

The iris is a colored ring of muscle fibres. It functions like the aperture on a
camera, enlarging in dim light and contracting in bright light. The aperture
itself is known as the pupil. The iris is flat and divides the front of the eye
(anterior chamber) from the back of the eye (posterior chamber). The colour,
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texture, and patterns of each person’s iris are as unique as a fingerprint.

Keratoconus is a vision disorder that occurs when the normally round cornea
(the front part of the eye) becomes thin and irregular (cone) shaped. This ab-
normal shape prevents the light entering the eye from being focused correctly
on the retina and causes distortion of vision. It usually appears in both eyes
and hereditary.

Keratometry is a procedure to measure the corneal curvature. It is performed
for similar reasons as topography, but rather than mapping the entire corneal
surface, two curves are measured: the steepest and the flattest.

Keratoplasty or cornea transplantation or grafting is an operation that
is carried out to replace a cornea that has become opaque (not transparent)
with a new transparent one. Penetrating keratoplasty is a full-thickness corneal
grafting, whole lamellar keratoplasty (i.e. epikeratoplasty) is a partial thick-
ness corneal grafting.

Lag of accommodation is the dioptric difference between the accommoda-
tive response and the stimulus to accommodation. It can be thought of as a
measure of accommodative accuracy.

Lawer-Assisted in Situ Keratomileusis (LASIK) is a refractive surgical
procedure in which the eye surgeon creates a thin surface flap of the cornea us-
ing a microkeratome to expose underlying tissues. Within the deeper layers of
the cornea the laser is applied to create the refractive ablation. This reshapes
the cornea restoring vision.

Laser Thermal Keratoplasty (LTK) is a surgical procedure that uses spe-
cial type of laser that heats the cornea, resulting in stromal collagen shrinkage
and changing cornea’s refractive power.

The macula is a oval yellow spot located roughly in the center of the retina,
temporal to the optic nerve. It is a small and highly sensitive area that provides
our most central, acute vision.

Myopia (nearsightedness) is the most common type of refractive error,
when distant objects cannot be seen clearly because light rays are focused in
front of the retina. Usually the cornea is too curved or the lens too powerful
for the length of the globe.

Normal Tension Glaucoma (NTG) is also known as low-tension glau-
coma or normal pressure glaucoma . In this type of glaucoma, the optic
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nerve is damaged even though IOP is not very high.

The ocular hypertension is al increase in the pressure in your eyes that is
above the range considered normal with no detectable changes in vision or
damage to the structure of your eyes. The term is used to distinguish people
with elevated pressure from those with glaucoma, a serious eye disease that
causes damage to the optic nerve and vision loss (see also hypertony).

Ocular (scleral) rigidity is a resistance of the eye to the changes in its shape
with the changes in intraocular pressure.

The optic nerve conducts visual impulses to the brain from the retina. It
connects to the back of the eye near the macula. When examining the back
of the eye, a portion of the optic nerve called the optic disc can be seen. The
retina’s sensory receptor cells of retina are absent from the optic disc. Because
of this, everyone has a blind spot there. This is not normally noticeable because
the vision of both eyes overlaps.

The ora serrata is serrated extremity of the optic part of the retina, located
a little behind the ciliary body and marking the limits of the percipient portion
of the membrane. Together with the ciliary body it forms the uveal tract, an
unseen part of the iris.

Pachymetry is a procedure that utilize an ultrasound to determine the thick-
ness of the cornea in any given location.

Photorefractive Keratectomy (PRK) or photokeratectomy is a surgical
ablation of part of the corneal surface using an excimer laser in order to correct
for myopia. In compare with LASIK procedure, it removes original epithelium
and Bowman’s membrane.

Primary Open Angle Glaucoma (POAG) is the most common form of
glaucoma, marked by slow (and, sometimes, unnoticeable) sight loss due to
increase in IOP. IOP rises because the correct amount of fluid can not drain
out of the eye. The disease is multi-factorial and remains poorly understood.

The posterior chamber is the area behind the iris, but in front of the lens,
that is filled with aqueous humour.

The presbyopia is a condition that occurs with growing age and results in
the inability of the human eye to focus on objects up close. It is not a disease
as such, but a condition that affects everyone at a certain age, that cannot be
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cured, but can be corrected with glasses or contact lenses.

The pupil is the opening, or aperture, of the iris. The size of the pupil deter-
mines the amount of light that enters the eye. The pupil size is controlled by
the dilator and sphincter muscles of the iris. It appears black because most of
the light entering it is absorbed by the tissues inside the eye.

Radial keratotomy (RK) is a surgical procedure performed to treat patients
with myopia. The procedure entails placing radial incisions il the peripheral
cornea, which results in relaxation and flattening of the central cornea thus
reducing its optical power.

The rectus medialis is one of the six muscles of the eye, see EOMs.

The retina is the innermost coat covering the back two-thirds of the eyeball,
formed of light-sensitive nerve endings that carry the visual impulse to the op-
tic nerve, producing the sensation of vision. The retina may be compared to
the film of a camera. It is actually an extension of the brain, formed embry-
onically from brain tissue and connected to the brain proper by the optic nerve.

The sclera in the dense fibrous opaque white outer coat enclosing the eyeball,
except the part covered by the cornea. It gives the eye its shape and helps to
protect the delicate inner parts. The optic nerve is attached to the sclera at
the very back of the eye.

Secondary glaucoma (SG) can occur as a result of eye injury, trauma. in-
flammation, tumour or in advanced cases of cataract or diabetes. It can also
be caused by certain drugs such as steroids. Those factors cause or contribute
to increased eye pressure, resulting in optic nerve damage and vision loss.

The suspensory ligament (zonules of Zinn, zonular apparatus) sup-
ports the lens of the eye and hold it in place, stretching and loosening (due
to relaxation and contraction of the ciliary muscle) to change the shape of the
lens to focus at far and at sear objects.

Tonography is a continuous measurement of IOP by means of a recording
tonometer, in order to determine the facility of aqueous outflow.

Tonometry measures IOP by determining the resistance of the cornea to in-
dentation. It can be either applanation or indentation (i.e. impression)
types. Indentation tonometry uses a plunger and pressure is measured by the
depth of the impression left on the eye. Applanation tonometry measures IOP
either by the force required to flatten a constant area of the cornea (GAT,
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NCT ) or by the area flattened by a constant force.

The vein (central retinal) is formed by union of the veins draining the retina
and which passes into the middle of the optic nerve and empties into the supe-
rior ophthalmic vein. It is the vessel that carries blood away from the eye.

The vitreous (vitreous humour, vitreous body, hyaloid) is a transparent,
colorless mass of soft, viscous material filling the eyeball behind the lens. It is
enclosed by a delicate quite elastic hyaloid membrane. Vitreous is composed
mainly of water and comprises about 2/3 of the eye’s volume, giving it form
and shape. The viscous properties of the vitreous allow the eye to return to its
normal shape if compressed. The functions the hyaloid serves are to maintain
the shape of the eye keeping the retina pressed against the inner surface of the
eye and to cushion the contents of the eye from shocks such as from running
or turning of the head.
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