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General introduction
A stable optical system is essential to allow humans to see and perceive the world around them,
and the biomechanical characteristics of the ocular system are a critical factor in maintaining
the stability of the anatomy and physiology. In the last fifty years, a growing body of research
has improved our understanding of ocular biomechanics and its role in ocular health. Much of
this literature implicates ocular biomechanics in the pathogenesis and treatment strategies for
various ocular diseases (Brown and Congdon, 2006, Kotecha, 2007). Despite the growing
interest in this area of research, technical limitations and the inherent complexity of the ocular
tissues has meant that there is still a significant gap in the understanding of the biomechanical
characteristics of the principal tissues of the eye.
The healthy human eye has a defined physiological ocular rigidity to ensure a stable optical
system and to compensate for variation in the intraocular pressure (Purslow and Karwatowski,
1996). Such rigidity is offered by the elastically deformable sclera, cornea and conjunctiva which
can compensate for external forces such as those induced by eye movement, blinking and eye
rubbing (Johnson et al., 2007). The ocular rigidity can be described as a biomechanical value,
which represents the stiffness of the whole eye. It is primarily dependent on the corneal and
scleral microstructure. Ocular rigidity has been found to change with age, pathology and
refractive status (Abitbol et al., 2010, Bueno-Gimeno et al., 2014, Dave et al., 2007, Goldich et al.,
2009, Terai et al., 2012a). Significant differences in ocular rigidity have been observed between
in vivo and enucleated eyes; the rigidity of enucleated eyes is higher than in living eyes
(Ytteborg, 1960b). Such differences highlight the importance of assessing the biomechanical
properties of the human eye in vivo if an accurate understanding of ocular biomechanics is to
be attained (Ebneter et al., 2009).
Due to technical limitations, early studies in ocular biomechanics were mostly ex vivo
experiments with enucleated human or porcine eyes (Friedenwald, 1957, Kobayashi et al., 1973b,
Schlegel et al., 1972, Ytteborg, 1960b). With the introduction of new devices like the Ocular
Responds Analyzer (Reichert Inc.) and the CorvisST (Oculus Optikgeräte GmbH) it is now
possible to conduct in vivo experiments on human eyes. The advent of such new technology
brings the opportunity to investigate the biomechanical properties of the anterior ocular
surface to attain a comprehensive understanding of the structural changes that occur in
conditions such as keratoconus, myopia or glaucoma.
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Abstract
Ocular biomechanics of the anterior segment
Daniela Oehring
The thesis investigates methods of examining corneal biomechanics using non-contact
tonometry and introduces novel techniques to investigate corneal material properties in vivo.
A comprehensive systems analysis of the CorvisST (CST) and Ocular Response Analyser (ORA)
was performed. Pressure sensors were used to characterisation the airflow produced by the
CST and the ORA. Distinct differences were observed between the central airflow pressures
between the two devices: the CST pressure was higher and of shorter duration. Scheimpflug
high-speed imaging via the CST allowed components of the corneal deformation to be
investigated and the development of a 3D deformation matrix (time, depth and spatial
resolution) through tracing of the anterior and posterior corneal surface. Measures of whole
eye movement (WEM) with CST were found to be robust. WEM demonstrated an asymmetric
profile and a correction method was developed to address the corneal deformation matrix for
this asymmetry. Novel methods for characterisation of intrinsic material characteristics of the
cornea were developed using numerical and graphical analytical procedures. Application of
these parameters was tested on enucleated porcine eyes across a wide range of manometry
internal ocular pressure (MIOP). The dynamic E-Modulus was found to be most affected by
MIOP change. To investigate the in vivo distribution and heterogeneity of the corneal
biomechanics, a novel set-up allowed the mapping of corneal biomechanics across the cornea
using the CST (central, paracentral, peripheral) and ORA (central, peripheral). Biometric and
demographic grouping of subjects allowed detection of discriminating factors between
individuals. The results suggest that the in vivo cornea of healthy human adults can be
characterised as a viscoelastic, damped system for longitudinal strain and a highly oscillating
system for lateral strain. The cornea is approximately homogenous for measures of rigidity and
dynamic E-Modulus but other corneal material characteristics (longitudinal and lateral strain,
hysteresis, damping and compressibility) demonstrated regional differences. The experimental
design employed allowed for strict control of biometric and biomechanical intersubject
variables, based on gold-standard techniques as well as newly-developed methods, thereby
creating a normative database for future use.
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Chapter I
Scientific background

Chapter I: Scientific Background

1

Anatomy and physiology of the anterior surface of the eye

The following section provides an overview of ocular anatomy, histology and physiology,
focusing on the anterior segment structures that have been implicated in ocular biomechanics.
In addition, the Chapter examines the fundamental principles, and the laws in regard to the
mechanics of biological tissues are explained and related to the ocular system.

1.1

Bulbus oculi

The eyeball is a spherical organ lying in a spacious cavity of the skull, the bony orbit. The eye
can be roughly divided into the eyeball (lat. bulbus oculi), Table 1-1, and its associated
appendages such as the eyelids and extra ocular muscles. The bulbus is composed of three
layers: the tunica fibrosa bulbi, constituting the sclera, cornea and the limbus; the tunica
vasculosa bulbi, which included the iris, the ciliary body and the choroid; the inner tissue or
retina.
Table 1-1: Parameter of the human bulbus oculi (Michelson, 2000)
Parameter

Value

Diameter of an adult bulbus oculi (mm)

22 – 23

Weight (g)

7.5

Specific weight1 (g/ml)

1.022 – 1.090

3

Volume (cm )

6.7

Circumference (mm)

74.9

Intraocular pressure (mmHg)

12 – 21

Figure 1-1: Schematic drawing of the anterior eye (© 2017 Oehring, D)

1

Weight relative to the volume
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The anterior segment of the eye is defined as the composition of all structures up to the
crystalline lens, Figure 1-1. It includes the tear film, adnexa, cornea, conjunctiva, sclera, limbus,
an anterior and posterior chamber filled with the aqueous humour, ciliary body and the zonula
fibres, and the iris and crystalline lens.

1.2

Structure of human connective tissues

The following sections provide an overview of the microstructure of human connective tissue
in general. Consecutivly from Chapter I section 1.3 (page 8 et seq.) the corneal and scleral
microstructe and their specifications are described in detail. All multicellular components within
the human body are organised into cellular structures called tissues. In turn, tissues connect to
build larger functional units known as organs. The structure and cohesion of organs are
provided by the connective tissue. Connective tissues in the body are heterogeneous, but the
histological characteristic of all connective tissue is the presence of intercellular substances
that fill the interstitial space between the associated cells. In the tissues, the cells are in close
contact with complex extracellular macromolecules, which are known as extracellular matrix
(ECM), Figure 1-2. The ECM is responsible for the structural and functional organisation of cells
and the mechanical stability of tissues (Adams and Watt, 1993).

Figure 1-2: Basic structure of human connective tissue (© 2017 Oehring, D)

The heterogeneous population of proteins of the ECM includes various proteoglycans,
collagens, isoforms of laminin, elastin, fibronectin, and a large number of further components
such as glycosaminoglycan and cells (Brown and Timpl, 1995), Table 1-2. The ECM components
are responsible for the supra-molecular organisation and the basis of the molecular
interactions. The histological heterogeneity of the human connective tissue ECM corresponds
to its functional role, namely: mechanical, transport and storage as well as protection and
wound healing (Schiebler and Korf, 2007). The ECM provides mechanical support by building
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capsules around organs and thus, giving organs stability. Furthermore, the connective tissue
also acts as a displacement layer between muscles and organs. Transport of essential fluids,
metabolites and waste products from blood vessels to cells and vice versa occurs via the
intercellular space. The movement and storage of water occur primarily through the differential
pressure conditions between the tissues and the hydrophilic nature of the glycosaminoglycan
of the amorphous ground substance. The viscosity of the amorphous ground substance inhibits
the spread of foreign particles in tissues. Moreover, free connective tissue cells are part of the
immune system and are pivotal in providing protection. Various components of the connective
tissue, such as fibrin and fibronectin, are involved in tissue regeneration and wound healing.
Table 1-2: Components of human connective tissues
(Junqueira et al., 2004, Rauen, 1964, Reece, 2011, Schmidt and Lang, 2007)
Stationary cells

×
×
×

Cells
Free cells

Fibroblasts
Fibrocytes
(inactive form
of fibroblasts)
Myofibroblasts

1.2.1

×

×
×
×
×

Neutrophilic
and
eosinophilic
granulocytes
Macrophages
Plasma cells
Mast cells
Melanocytes

Fibres

×
×
×

Collagen
Elastin
Reticular
fibres

Extracellular matrix
Ground substance
Amorphous ground
Adhesive
substance
glycoproteins
Glycosaminoglycan
×
Fibronectin
×
Chondroitin
×
Laminin
sulphate
×
Integrin
×
Dermatan sulphate ×
Vitronectin
×
Heparan sulphate
×
Osteopontin
×
Heparin
×
Hyaluronic acid
×
Keratan sulphate
Proteoglycans

Extracellular matrix

The ECM creates a complex cellular environment consisting of different fibres embedded in the
ground substance. The ECM governs the biophysical and biochemical properties of the
connective tissues. In particular, the ECM is essential for anchoring the cells and in providing
structural support to the tissue. Amongst the human eye tissues, collagen and elastin are the
main ECM components.
1.2.1.1

Collagen

The main component of all human tissues is collagen. Collagen fibres are the most common
connective tissue fibres and are the principal constituents of the loose and dense connective
tissue. The structure and position of the collagen fibres determine the mechanical properties
of the connective tissue. Collagen fibres contain both collagen and polysaccharides. Collagen
is the most abundant protein in the human body making up about 30% of the body’s protein.
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Every known collagen type (currently about 20) consists of tropocollagen molecules. The
differences between collagen types are mainly due to the structure of these tropocollagen
molecules (Krachmer et al., 2004).

Figure 1-3: Collagen structure from the bundle (1) to the triple helix (6) (© 2017 Oehring, D)

Structurally collagen can be divided hierarchically, Figure 1-3 (Discher et al., 2005, Komai and
Ushiki, 1991, Wu and Amar, 2014). Into:
×

Bundles of collagen fibres

×

Collagenous fibres: Fibres are unbranched, and the length is dependent on the state of
stress. The diameter of these fibres is approximately 1 – 10µm.

×

Collagen fibrils: Collagenous fibres are formed by collagen fibrils. Average diameter is
approximately 0.3 – 0.5µm periodically arranged at an interval of 64nm.

×

Tropocollagen molecules: One-thousand-four-hundred amino acids that are organised in
three triple helix polypeptide chains that are wound around each other. These molecules
are the basic units of the collagen and are about 300nm long and 1.5nm thick. Tropocollagen
is mainly comprised of amino acids glycine, proline and hydroxyproline which are
connected by cross bridges. The tropocollagen forms the collagen fibrils when arranged
side-by-side and connected end-to-end and side-by-side. Such collagen structures
provide high tensile strength of approximately 50-100N/mm2. Despite their strength, the
collagen fibres have no resistance against flexural forces, and can only withstand up to 5%
stretching before irreversible elongation occurs and tearing ensues.
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Collagen can be divided into three main groups: fibrillar collagen molecules with chain-shaped
arrangement of tropocollagen (type-I, II, III, V, XI), collagen that form networks (type-IV, VIII) and
collagen which connects to other collagen types (type-VI, VII, XII, XIV) (Komai and Ushiki, 1991).
Additionally, collagen can be differentiated by its functions (Maynes, 2012, Omelyanenko et al.,
2013, Exposito et al., 2002):
×

Type-I collagen (90%) is the most common and typically found in very dense connective
tissue; this type of collagen provides high tensile strength.

×

Type-II collagen is resistant to intermittent pressures because it usually forms thin
networks.

×

Type-III collagen is the main component of reticular fibres and able to copolymerize with
other collagen types. It preserves the structure of organs that are elastically deformable.

×

Type-IV collagen is a component of the basal membrane. Unlike the other collagen types,
which are formed by the fibroblastoma, type-IV collagen is produced by epithelial and
muscle cells. Being different to the other collagen types the tropocollagen molecules of
collagen type-IV join neither fibrils nor fibres. They are present as filaments and form twodimensional networks. The main role of the type-IV collagen is to provide support.

1.2.1.2

Elastic fibres

Elastic fibres are produced by fibroblasts and are composed of amorphous elastin and elastic
microfibrils, consisting of fibrillin, fibulin and other glycoproteins. The microfibrils are essential
in organising the structure of the fibres. Between the tropoelastin (the water-soluble elastin
molecule), the monomer desmosine and isodesmosine provide stable bridges, which ensure
that the elastic fibres are insoluble in water. The elastic fibres can extend to 1.2 to 1.5 times their
original length with a minimal force (20-30 kg/cm2) and still have the capacity to return to their
initial dimensions (Omelyanenko et al., 2013). Due to such elastic properties, this type of fibre is
mainly found in tissues that are under strain from stretching (Augustin, 2007).

1.2.2

Ground substance

The collagen and elastic fibres are embedded in a substance, which can be divided into two
key elements: the amorphous ground substance and the adhesive proteoglycans. The ground
substance consists of glycosaminoglycan, proteoglycan, various glycoproteins, cell
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metabolites, electrolytes and plasma proteins. The ground substance components interact with
cells as well as the collagen and elastin fibres. In combination with structural proteins, adhesive
proteoglycans determine the biological properties of the connective tissue (Schmidt and Lang,
2007).
1.2.2.1

Amorphous ground substance

Glycosaminoglycan
Glycosaminoglycan is composed of long polysaccharide chains of repetitive disaccharide
units. Due to the carboxyl and sulphate groups, the disaccharide units are negatively charged
and are strongly acidic. Depending on their structure, glycosaminoglycans can be categorised
as sulphated or non-sulphated. The most abundant non-sulphated glycosaminoglycan is known
as hyaluronic acid. Glycosaminoglycans are usually bonded to proteins, with which they form
the most abundant non-sulphated glycosaminoglycan known as hyaluronic acid. Hyaluronic
acid is the primary component of the ground substance. It is a linear polysaccharide composed
of D-glucuronic acid and N-acetyl-D-glucosamine (Birbaumer and Schmidt, 2006). Hyaluronic
acid has a protective influence on cells and appears to affect the immune response. The
interaction of hyaluronic acid with cells is via hyaluronic acid receptors on the cell surfaces
(Schmidt and Lang, 2007).
Proteoglycan
Proteoglycans are glycosylated proteins, which are on the cell surface, free in the ECM and
bonded with collagen and elastin fibres. Proteoglycans are large molecules, which can reach a
molecular weight of up to 106 Daltons and comprise the main component of the ECM. The
proteoglycans consist of a long thread-like central core. The core protein of proteoglycans is
covalently bonded to glycosaminoglycan chains. Depending on the glycosaminoglycan chain,
proteoglycans found in the ocular structures are categorised into:
×

Aggrecan with chondroitin sulphate or keratan sulphate as the glycosaminoglycan chain,

×

Versican with chondroitin and dermatan sulphate as the glycosaminoglycan chain

×

Perlecan with heparan sulphate as the glycosaminoglycan chain (Wight and Mecham, 2013).
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Proteoglycans act as a filler in the intercellular substance which affords its elastic properties
and provides structural organisation of the collagen fibres. Furthermore, proteoglycans are
associated with laminin, collagen type-IV and fibronectin and affect the permeability of the
basement membrane. By binding to endothelial cells, proteoglycans have antithrombotic
properties of thrombin (Birbaumer and Schmidt, 2006).
1.2.2.2

Adhesive glycoprotein

Contrary to the proteoglycans, the carbohydrate side chains of the glycoproteins consist of
monosaccharides, and the protein content outweighs that of the carbohydrate. Furthermore,
glycoproteins are not sulphated, and hence glycoproteins in tissue are also referred to as
structural proteins. Essential structural glycoproteins include fibronectin, laminin, vitronectin
and osteopontin. Cell adhesion is the primary role of all such glycoprotein as they are
associated with adhesion receptors (in the plasma membrane (Schmidt and Lang, 2007,
Schiebler and Korf, 2007). Adhesive glycoproteins occur among others in the aorta, tendons,
cartilage, bones, cornea, dermis and basal lamina (Omelyanenko et al., 2013).

1.2.3

Types of connective tissues

A distinction between loose and dense connective tissue is made according to the proportion
of cells in the ECM. In view of histological differences in ECM, connective tissues can be
categorised as (Schiebler and Korf, 2007):
×

Embryonic – mesenchymal or gelatinous connective tissue,

×

Cell-rich – reticular or fat tissue and

×

Fibrous – loose or dense connective tissue.

Ocular tissues, such as the conjunctiva, cornea, and sclera, are composed of both loose and
dense fibrous connective tissues (Junqueira et al., 2004, Reece, 2011, Schmidt and Lang, 2007,
Omelyanenko et al., 2013). Typical characteristics of loose connective tissue include extensive
intercellular spaces with high levels of the amorphous ground substance. Due to its ECM
characteristics, loose connective tissue demonstrates hydrophilic properties and is able to
maintain both hydration and dehydration. Histological evidence shows that loose connective
tissue has a higher content of ground substance than collagen fibres and these fibres form
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loosely arranged bundles. Loose connective tissue also contains elastic fibres and in the human
body acts as a buffer between organs. If the tissue is connected to an organ, it is called stroma.
In the eye, the conjunctiva is composed of loose connective tissue, whereas the cornea and the
sclera consist of dense connective tissue (Omelyanenko et al., 2013). In comparison to the loose
connective tissue, dense connective tissue is rich in fibres, contains relatively few cells, and has
low levels of amorphous intercellular substance. Furthermore, the bundles of fibres in the dense
connective tissue form a three-dimensional network, whereby affording resistance against
tensile stress from all directions (Omelyanenko et al., 2013).

1.3

Cornea

The eye is the optical system of the human body. The cornea is the most important refractive
component of this system, accounting for 75% of the ocular dioptric power (Olsen, 1986).
Furthermore, the cornea also acts as a protective barrier to foreign substances (Hornof et al.,
2005).
The average corneal diameter of an adult human is 12.6mm horizontally and 11.7mm vertically.
The radius of curvature of the anterior and posterior corneal surface is 7.8mm and 6.5mm,
respectively (Michelson, 2000). The cornea is a clear, avascular tissue with a central thickness of
approximately 540μm. Circularly the cornea is defined by the limbus of the sclera (Harper et al.,
1996, Yu et al., 2015). The in vivo corneal surface temperature is approximately 34.5°C (Purslow
and Wolffsohn, 2005).
The total ocular refractive power is calculated from the sum of all the powers lying in the beam
path of the optical system. The average dioptric power of the human eye is +59D. Off this power
+10D to +20D is accounted by the crystalline lens, depending on the accommodation (Hoffmann
and Hutz, 2010). The refractive index of the tear film is 1.338 (Patel et al., 2000, Bron et al., 2004),
cornea between 1.370 and 1.378 depending on the corneal thickness (Fatt and Harris, 1973), and
aqueous humour 1.337 (Olsen, 1986, Drexler et al., 1998). Due to the different curvatures and
refractive indices, the refractive power is obtained for the transition air to tear film +43.1D, for
the interface tear film to cornea +5.1D and the interface cornea to aqueous humour -6.2D (Olsen,
1986). Thus, on average +43D of the dioptric power of the eye is attributed to the cornea.
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The cornea is composed of from five different layers, Figure 1-4 and Table 1-3. The anterior
surface of the cornea is a stratified epithelium and acts as a barrier to the overlying the tear film,
and is separated by the basal membrane from the collagenous stroma. Beneath the basal
membrane is an acellular stromal tissue, referred to as the Bowman's membrane. Underlying
this membrane is the stromal tissue, the largest proportion of the cornea. The stroma and
endothelium are connected by a specialised, enhanced basal lamina, the Descemet's
membrane. A single-layer endothelium protects the stroma from the anterior chamber and the
aqueous humour (DelMonte and Kim, 2011). The morphological structure of the cornea is
essential for its function.

Figure 1-4: Overview of the morphological structure of the human cornea (© 2017 Oehring, D)
Table 1-3: Morphological structure of the human cornea.
The numbers behind the layer name indicates the position within Figure 1-4.
Layer

Thickness (µm)

Composition

Epithelium (1)

53.4 ± 4.6 (a)
54.60 ± 4.25 (b)
53.48 ± 2.83 (c)

Stratified squamous epithelium

Bowman's
membrane (2)

16.70 ± 1.73 (b)
17.07 ± 1.51(c)

Compact layer of unorganised collagen fibres

Stroma (3)

467.51 ± 28.9 (b)
460.32 ± 29.65 (c)

Orderly arrangement of collagen lamellae with keratocyte

Descemet's
membrane (4)

(4) + (5):
16.74 ± 1.66 (b)

Consists of basement membrane materials

Endothelium (5)

~ 5 (d)

Single layer of simple squamous epithelium

(a)

(Reinstein et al., 2008)

(b)

Pre-Descemet’s layer: Towards the periphery ≈ 15µm and consists of
collagen bundles

(Lopez de la Fuente et al., 2016)
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1.3.1

Microstructure

The healthy cornea has three important characteristics, namely to provide a smooth, refractive
and transparent ocular surface. The orderly structure of the epithelium provides the cornea with
a smooth surface, while the pre-corneal tear film and the precise arrangement of the collagen
across the stroma afford the refraction and transparency, respectively. The human cornea
consists of different types and content of collagen, Table 1-4.
Table 1-4: Corneal collagens: localisation, content and function
(Bron, 2001, Michelacci, 2003, Maynes, 2012, Almubrad and Akhtar, 2011, van den Berg and Wolf, 2010)
Type

Localisation

Content (%)

Function

I

Stroma

75

Tensile strength

II

Developing stroma
(epithelium)

Resistant to intermittent pressures

III

Inflammation, wound healing

Maintaining structure of organs which expand

IV

Basement membranes

Supportive

V

Stroma

2

Controls the thickness of collagen type-I and II,
provides lubrication between the collagen fibres
during movement and stress

VI

Stroma

17

Crosslinking with collagen type-I

VII

Basement membranes
(epithelium)

Stabilizing

VIII

Basement membranes
(Descemet)

No specific information available

IX

Developing stroma
(epithelium)

Development of a very stable collagen network by
crosslinking with collagen type-III

XII

Stroma (endothelial origin)

XIII

Stroma (posterior two-thirds)

No specific information available

XIV

Stroma

No specific information available

XVII

Developing stroma

No specific information available

XVIII

Basement membranes
(epithelium)

No specific information available

1.3.1.1

I

Forms periodontal ligaments with collagen type-I

Epithelium

The corneal epithelium is a multi-layered, non-keratin tissue. It consists of five to seven cell
layers and is composed of three different cell types (Griffith et al., 1999). These include the basal
cells, columnar cells and high prismatic epithelial cells that form a monolayer and adhere to the
basement membrane via hemidesmosome. The basal layer constitutes 35-45% of the total
thickness of the epithelium (Guthoff et al., 2007). The superficial cells (polygonal vane cells) are
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next to the basal cell layer. They emerge from the former basal cells and move progressively
closer to the surface. The layer adjacent to the tear film consists of two to three cell layers of
flat surface cells, known as the apical or squamous cells, which are densely covered with
microvilli (DelMonte and Kim, 2011). These surface cells adhere to each other through
desmosomes and communicate through tight junctions. The tight junctions provide the
epithelium with the means to perform its important role as a barrier to fluid loss and pathogen
penetration. The trans-corneal permeability of hydrophilic substances that can be controlled by
either the stroma or the endothelium (Hornof et al., 2005). Additionally, the epithelium functions
as a protective barrier to foreign substances and can regenerate after a superficial injury by
resuming cell division or cellular migration resulting in rapid healing without scarring (Curren
and Harbell, 1998).
1.3.1.2

Bowman’s membrane

The Bowman’s membrane is a solid, acellular membrane between the corneal epithelium and
the stroma, which is constructed of thick randomly arranged collagen fibres (Krachmer et al.,
2004). Principle components of the Bowman’s membrane include type-IV collagen, the
glycoproteins laminin and entactin, and proteoglycans (Sarrazin et al., 2011). The collagen fibres
are arranged closer and more haphazardly than in the corneal stroma. The collagen fibres of
the Bowman’s membrane are continuously connected with the anterior stroma, and therefore,
it has been widely assumed that it is a modified region of the anterior stroma. The compact
arrangement of the collagen fibres makes it very resistant to trauma although once damaged,
cannot be regenerated (Krachmer et al., 2004).
1.3.1.3

Stroma

The stroma constitutes 80-90% of the corneal tissue and is mainly composed of hydrated
collagen and penetrated by fibroblast-like cells called keratocytes. However, this cellular
component accounts for only 9% to 17% of the total stromal mass – 10.2% within the anterior
stroma, 9.3% centrally and 17.0% posteriorly (Hahnel et al., 2000). Due to its structure, the
hydrophilic stroma forms a penetrative barrier for lipophilic substances (Augustin, 2007, Hornof
et al., 2005, Krachmer et al., 2004).
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The main component of the stroma is the ECM. The ECM consists mainly of collagens,
proteoglycans, noncollagenous glycoproteins and glycosaminoglycan. The most important
component of the human ECM is collagen fibrils. The fibrils are tightly packed as lamellae, and
the adjacent lamellae are arranged in an orientation depending on the corneal depth; this is
critical for maintaining corneal transparency (Bielski et al., 1988, Cox et al., 1970, Freegard, 1997,
Knupp et al., 2009, Maurice, 1957). Within the anterior human stroma, the lamellar orientation is
more haphazard (Abahussin et al., 2009), whereas in the deeper stroma the collagen lamellae
show a preferred direction similar to the inferior-superior and nasal-temporal orientation. Here,
the collagen fibrils are part of a very dense interfibrillar ECM, which is responsible for increased
fibre stability in the interfacial region, Figure 1-5 (Aghamohammadzadeh et al., 2004, Abahussin
et al., 2009, Kamma-Lorger et al., 2010, Meek et al., 1987).

Figure 1-5: TEM corneal stroma; a) ultrathin section of regular arrangement of
collagen fibres in adjacent lamellae of the stroma, bar 1µm; b) collagen fibrils in
the corneal stroma, in longitudinal section and connected with irregular branches
to proteoglycan molecules, bar 300nm (Courtesy of Dr Rob Young, Cardiff
University, UK)

The collagen fibrils of the human stroma have well defined, heterodimeric complexes of type-I
and type-V collagen; this structure gives them a very small diameter. Additionally, type-VI
collagen and its interaction with proteoglycans and collagen type-XIV have also been detected
in the stroma (Knupp et al., 2009). Keratocan proteoglycans are the dominant proteoglycans in
the human adult corneal stroma (Corpuz et al., 1996), followed by decorin (Li et al., 1992), lumican
(Blochberger et al., 1992) and mimecan as well as biglycan (Funderburgh et al., 1997). Keratocan,
lumican and mimecan contain keratan sulphate GAGs – which is the predominant GAG within
the human cornea 65% (Soriano et al., 2000), whereas decorin and biglycan contains dermatan
and chondroitin sulphate (Funderburgh et al., 1997, Li et al., 1992). The proteoglycans are thin,
filamentous structures that act as bridges between the collagen fibrils (Funderburgh et al., 1998,
Meek and Knupp, 2015). The function of proteoglycans is to regulate the interfibrillar spacing by
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an exact positioning of the collagen fibrils, as well as maintaining the elasticity and strength of
the fibres (Meek et al., 1986). Fibronectin is another glycoprotein of the stromal matrix; its main
function is to aid in collagen and ECM binding and is fundamentally involved in cellular retained
particulate (Griffith et al., 1999, Hassell et al., 1992, Hirsch et al., 2001).
Keratocytes are a static population of mesenchyme cells with a slow synthesis and flattened
stellar morphology which are located between the collagen lamellae of the stroma. Although
these cells are distributed in very small numbers in the stroma, they form an intercellular
network, because they attach themselves on dendritic spines and communicate with each
other via gap junctions (Hahnel et al., 2000). An important task of keratocytes involves
synthesising the ECM of the stroma. Keratocytes also contain proteins that contribute to the
corneal transparency, so called corneal crystallins (Jester et al., 1999, Jester, 2008). In addition
to the regular arrangement of the collagen fibrils, maintaining corneal hydration (75-80% water)
is an essential prerequisite for transparency. The regulation of hydration is the task of two active
cell layers, the endothelium and the epithelium. Both cell layers act synergistically to prevent
fluid freely penetrating into the cornea (Maurice, 1957).
1.3.1.4

Pre-Descemet’s layer

Various investigators have recently confirmed the presence of the pre-Descemet’s layer (Dua
et al., 2013, Jafarinasab et al., 2010). The 15µm thick layer, predominantly in the corneal periphery,
is located between the stroma and Descemet's membrane. The layer consists of parallel and
regularly arranged collagen bundles and has demonstrated high tensile strength, withstanding
a pressure of up to 2bars (Dua et al., 2013, Jafarinasab et al., 2010).
1.3.1.5

Descemet’s membrane

The Descemet's membrane is the thickest basement membrane in the human body. At the time
of birth, this layer is approximately 3µm thick but reaches up to 8 to 10µm in adulthood.
Endothelial collagen deposit on the posterior layer has been thought to result in this increased
thickness with age (Augustin, 2007, DelMonte and Kim, 2011, Krachmer et al., 2004).
Histological evidence suggests that the Descemet's membrane is a secretion by-product of the
endothelium (Jakus, 1956, Johnson et al., 2007, Johnson et al., 1982). The membrane is
transparent, homogeneous and consists mainly of collagen fibres of type-IV and laminin. The
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collagen fibrils form a regular, two-dimensional hexagonal grid making the Descemet’s
membrane the most durable and elastic membrane of the cornea. As a protective layer of the
endothelium, the Descemet’s membrane defends against infections, mechanical and chemical
injuries. Injuries heal only with scarring (Krachmer et al., 2004).
1.3.1.6

Endothelium

The corneal endothelium is a single layer of flattened hexagonal cells and provides an effective
barrier between the stroma and the aqueous humour (Krachmer et al., 2004). The endothelium’s
active ion and fluid transport mechanisms are crucial for maintaining corneal hydration and
nutrient supply; in turn, these factors are important to ensure corneal transparency (Hornof et
al., 2005). The constant corneal hydration is controlled by the so-called pump-leak mechanism:
a negative pressure gradient that leads to a flow of aqueous humour through the endothelium
into the stroma which is pumped back with an active transport mechanism of the endothelium
into the outer chamber (Baum et al., 1984, Griffith et al., 1999, O'Neal and Polse, 1985). Pathology
or trauma can lead to an imbalance of the pump-leak mechanism; resulting in corneal oedema
and loss of transparency. Human corneal endothelial cells demonstrate limited cell division
potential (Gospodarowicz et al., 1977, Matsuda et al., 1985). If these cells undergo a cytotoxic
damage, it usually has severe consequences, such as permanent blindness (Joyce, 2012).
1.3.1.7

Collagen orientation

The nature of collagen fibril orientation in the ECM is a key determinant of the mechanical
strength provided by the ocular connective tissues. The ECM defines the shape and function of
ocular connective tissues. Ocular connective tissues act as mechanical and protective outer
layer. Also, connective tissues determine the shape of the tissue and, in particular for corneal
tissues, guaranty transparency. In corneal ECM, collagen is the principle structural element
(Quantock et al., 2015). The collagen fibre orientation differs across the cornea, Figure 1-6.
The corneal stroma comprises approximately 90% of the cornea and is mainly comprised by
water and collagen fibres (detailed explanation: Chapter I section 1.3.1, page 10 et seq.). The
collagen fibrils in the stroma have a uniform diameter of (30.8 ± 0.8)nm (Meek and Leonard,
1993). The distance between the fibrils is constant by 1.6nm (Meek and Leonard, 1993). With
increasing age, a three-dimensional growth of the collagen fibrils occurs as a result of an
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increase in the collagen molecules and an expansion of the intermolecular space by so-called
cross-linking (Daxer et al., 1998). The collagen fibres form approximately 240 lamellae within the
stroma (Krachmer et al., 2004). The unique arrangement between corneal, limbal and stromal
collagen is particularly important for the biomechanical properties of the cornea. Newton and
Meek (1998) demonstrated that only 17% of the central collagen fibrils were oriented
orthogonally, while 83% showed isotropic alignment. Moreover, with increasing distance from
the central cornea, the collagen fibres show increased alignment along the superior-inferior
axis, Figure 1-6 (Aghamohammadzadeh et al., 2004, Boote et al., 2003, Newton and Meek, 1998).

Figure 1-6: a) Preferential collagen lamellar orientation of a right human cornea. The dotted line represents the
limbus. The amount of collagen is classified and displayed in colours. Reproduced from (Meek and Boote, 2009)
with permission of the copyright holder. b) Schematic of the arrangement of collagen lamella. In the central
cornea, the anterior lamella ordered in relatively wide angle with Bowman’s membrane. This angle decreases
in the deeper stroma and increases from the centre to the posterior. In the peripheral cornea, between 8-10mm,
the lamella intertwines with each other. Reproduced from (Abass et al., 2015) With permission of the copyright
holder.

However, the direction of the lamellae varies in the adjacent layers at an angle of 90° in
temporal-nasal and superior-inferior orientation (Boote et al., 2005). This arrangement is found
mainly in the posterior two-thirds of the stroma (Abahussin et al., 2009). Within the posterior
layers of the central, peripheral and limbal cornea the collagen fibres are highly orientated and
additionally within the posterior limbal region there is an annulus of highly aligned corneal fibres
which surrounds the corneal tissue (Kamma-Lorger et al., 2010), Figure 1-6. There, fibres of the
sclera can be interwoven and thus contribute to the structural strength of the limbal region
(Meek and Boote, 2009).
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1.3.2

Corneal shape

The corneal shape and optical power are principally governed by the corneal diameter and
curvature. There is some ambiguity as to whether such ocular parameters show ethnic
differences (Blake et al., 2003, Ip et al., 2008, Matsuda et al., 1992, Rudnicka et al., 2010).
1.3.2.1

Corneal diameter

The corneal diameter is often described as the horizontal and vertical white-to-white distance.
The average horizontal diameter is (11.70 ± 0.026)mm (Matsuda et al., 1992). The vertical
diameter in Caucasian eyes is approximately 1mm smaller than the horizontal diameter.
Although corneal diameter has not been found to vary significantly between Chinese Asian and
Caucasian eyes, gender differences have been noted (Matsuda et al., 1992). Studies have
reported women to show smaller corneal diameters, usually in the order of 0.1mm in each
direction (Eysteinsson et al., 2002, Rufer et al., 2005b). Corneal diameter at birth is 9.5mm
(Inagaki, 1986). From the age of two, the dimension of the cornea does not alter significantly
(Augustin, 2007).
1.3.2.2

Corneal curvature

By the age of two, the central corneal curvature of an infant is 75-80% of adult curvature, and
this shows little change after this age (Adler et al., 2011). The average curvature for Caucasian
eyes is (7.62 ± 0.02)mm, (male [7.57 ± 0.01]mm, female [7.67 ± 0.02]mm) (Matsuda et al., 1992). The
different meridians show significantly different radii, flattest horizontally and steepest vertically.
Corneal curvature is stable however accommodation (Yasuda et al., 2003) and normal diurnal
oedematous changes have been reported to cause minor variations (Read et al., 2007).
Eccentricity
Centrally the cornea is spherical in curvature, but with increasing distance from the centre, the
radius becomes flatter. The flattening toward the edge is described by the eccentricity
(Krachmer et al., 2004). The extent of this flattening varies between individuals but is usually in
the order of 0.4 to 0.6. Furthermore, the flattening is different in each meridian; the nasal and
superior meridians are flatter than the temporal and inferior meridians (Krachmer et al., 2004).
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The extent of peripheral flattening is often proportional to the central corneal curvature and
diameter. A flat cornea with a large diameter has greater peripheral flattening, whereas corneas
with small radius and diameter tend to show lower levels of flattening (Krachmer et al., 2004).
According to Douthwaite et al. (1999), eccentricity does not change with age (between 20 and
59 years). Furthermore, the eccentricity in male and female is equal even though the central
corneal curvature in men is steeper than in women (Douthwaite et al., 1999).
Corneal astigmatism
Several studies have shown that ocular and corneal astigmatism changes with age (Kratz and
Walton, 1949, Phillips, 1952). Astigmatism changes from being ‘astigmatism rectus’ (horizontal
meridian flatter than vertical meridian) during the first decades to ‘astigmatism inversus'
between the age of 50 to 80 years (Gudmundsdottir et al., 2000). Naeser et al. (1990) proposed
that the crystalline lens astigmatism is constant and predominantly astigmatism inversus.
Hence, most of the ocular astigmatic axis change with age is related to corneal shape alteration
(Naeser, 1990, Leighton and Tomlinson, 1972).

1.3.3

Corneal thickness

The corneal endothelium consists of a single-layered squamous epithelium with hexagonal
shaped cells. These epithelium cells control the movement of water from the anterior chamber
into the corneal stroma via an active process. The induced outflow of water from the highpressure anterior chamber ensures a constant water content of the cornea (DelMonte and Kim,
2011). This well-controlled hydration system influences corneal swelling and thus the thickness
of the entire cornea; the higher the water content, the thicker it becomes.
There is significant variation in the measures of corneal thickness (CT) reported in literature due
to differences in methodology, Table 1-5. In the centre, the cornea is approximately 540µm thick,
while in the outermost peripheral cornea it is approximately 750µm. The peripheral cornea is
also asymmetrical. Moreover, the peripheral corneal thickness is greatest nasally (7mm from
the centre [676.8 ± 42.62]µm) and superiorly (7mm from the centre [671.2 ± 44.28]µm) (Martola
and Baum, 1968, Fares et al., 2012). The difference in thickness between the centre and the
periphery is due to the differences between the anterior and posterior corneal surfaces. The
posterior cornea is steeper (radius of curvature 6.7mm) than the anterior (radius of curvature
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7.9mm). Furthermore, compared to the centre of the cornea the periphery is significantly flatter
(Adler et al., 2011, Krachmer et al., 2004).
Table 1-5: Mean and SD of central corneal thickness (µm)
Eyes

Condition

Ultrasound

Pentacam

(O'Donnell and
Maldonado-Codina,
2005)

21

Healthy

534±47

528±45

(Al-Mezaine et al., 2008)

984

Healthy

544.1±35.4

552.4±37

(Buehl et al., 2006)

88

Healthy

(Lackner et al., 2005a)

33

Healthy

(Ucakhan et al., 2006)

45

(Amano et al., 2006)

Microscopy*

551±35

549± 41

552±32

542±29

530 ± 34

Healthy

554.9±7.40

557.6±6.5

535.5±6.5

54

-

545±31.3

538±31.3

541±40.7

(Fujioka et al., 2007)

135

-

553.0±39.3

559.5±38.4

552.0±42.9

(Hashemi and
Mehravaran, 2007)

60

Pre-LASIK
PostLASIK

555±30
478±51

548± 32
468±48

533±37
436±62

(Fukuda et al., 2013)

33

Healthy

532.1±25.2

523.9±26.1

525.5±33.5

(Huang et al., 2013)**

66

Healthy

* Specular microscopy (non-contact)

1.3.3.1

538.8±26.2

OCT

523.5±25.2
541.4±27.2

**Harmonic mean

Physiological variations

There are a variety of factors that influence CT. In particular, increasing age and high myopia
have been associated thinner corneas (Augustin, 2007, DelMonte and Kim, 2011). Gender
differences in corneal physiology have also been observed with women showing thinner
corneas than males (Suzuki et al., 2003). CT is also influenced by circadian fluctuations. A
physiological increase in central corneal thickness (CCT) of approximately 3% occurs during
sleep due to decreased oxygen supply during closed eye conditions (du Toit et al., 2003, Holden
et al., 1983, Zinn and Mockel-Pohl, 1973). Investigators have also reported a mean increase in CT
of 5.5% during the night and fluctuations by 7.2% during the day (Harper et al., 1996).
Other factors such as hormones, toxins and drugs have also been shown to affect CT (Harper
et al., 1996, Busted et al., 1981, Cheng et al., 1988, Emara et al., 1998, Shah et al., 1999, Wirtitsch et
al., 2003). Indeed, variation in CT, topography and curvature have long been associated with
hormonal changes during the menstrual cycle (Kiely et al., 1983). Shiono (1987) observed
temporary corneal oedema after the acute influence of alcohol. The investigators reported
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corneal swelling of up to 1.5 times, which is likely to have been caused by the toxic effect of
ethanol on the corneal endothelial cells (Shiono et al., 1987).
Ocular anaesthetic drugs as benoxinate have been shown to disrupt the epithelial barrier
function resulting in increased central and peripheral CT by approximately 40μm and 20μm,
respectively (Dursun et al., 2000, Mishima and Hedbys, 1967). Carbonic anhydrase inhibitors
used in glaucoma treatment have also been shown to increase CCT by approximately 9μm
(Herndon et al., 1997).
1.3.3.2

Clinical significance of measuring corneal thickness

Often changes in CT are the first signs of ocular pathology. CT is an important quantitative
clinical parameter for assessing both contact lens and surgically induced oedema (Cheng et
al., 1988, Jacob, 1985, Shah et al., 1999, Wang et al., 2003a, Wang et al., 2002a, Wang et al., 2002b,
Wang et al., 2003b, Wang et al., 2003c, Wang et al., 2004a, Wang et al., 2004b). Ocular pathologies
such as pseudophakic bullous keratopathy, Fuch’s endothelial dystrophy and keratoconus lead
to changes in CT and transparency resulting in changes the visual function (Avitabile et al., 1997,
Stevens, 2005). The cornea has been found to be affected by systemic metabolic diseases such
as diabetes: several investigators have observed increased CT in diabetic eyes, suggesting that
changes in CT may be an important clinical parameter in screening and managing diabetes
(Busted et al., 1981, Larsson et al., 1996).
CCT also needs to be considered when assessing intraocular pressures (IOP). Numerous
studies have reported a positive correlation between IOPs derived via contact tonometry and
CCT (Doughty and Zaman, 2000, Emara et al., 1998, Shah et al., 1999, Suzuki et al., 2005, Wolfs et
al., 1997); with IOPs being overestimated in corneas thicker than 520µm and underestimated in
thinner corneas (Whitacre et al., 1993).
Moreover, patients diagnosed with ocular hypertension typically have greater CT when
compared to normal and glaucomatous eyes (Herndon et al., 1997, Shah et al., 1999). In contrast,
patients with normal tension glaucoma, pseudoexfoliation or primary open-angle glaucoma
have shown significantly reduced average CT (Bechmann et al., 2000, Shah et al., 1999). The
definitive influence of CCT on IOPs has been observed following LASIK, where IOPs were shown
to reduce by 2.5mmHg following surgery (Emara et al., 1998). Due to such strong evidence for
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an effect of CT on IOP measurements, it is now generally accepted that IOPs should be
corrected by ±2 to ±3mmHg when changing the central corneal thickness by ±50μm (Kohlhaas
et al., 2006).

1.4

Limbal region

The limbus has an important role in maintaining corneal physiology as it is the site of the corneal
stem cells and facilitates regeneration of the epithelial cells. The limbal junction also acts as an
anatomical and functional barrier between the conjunctiva and the cornea, Figure 1-7 (Van
Buskirk, 1989).

Figure 1-7: a) Limbus at the front of the eye and in profile; b) OCT image of the horizontal meridian of the
cornea with highlighted limbal region (red shape) (© 2017 Oehring, D)

The epithelium of the corneal limbus is formed by approximately ten layers of cells (Goldberg
and Bron, 1982). It contains melanocytes and Langerhans cells. The underlying stroma contains
a dense vascular network and is organised by a series of radial structures. In the centre of these
structures is a fibrovascular axis called palisades of Vogt (Goldberg and Bron, 1982). The basal
cells of the limbus play a significant role in the renewal and maintenance of the corneal
epithelium. These cells have a longer life span with a long cellular cycle and a short synthesis
phase. Each cellular division is asymmetric. If a cell is determined for the reconstitution of the
stem cell pool, the second generation differentiates and gradually acquire the characteristics
of the cells of the tissue for which it is intended (Zieske et al., 1994).
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Cell kinetic studies confirm the presence of slow dividing cells in the limbal basal epithelium.
These cells are resistant against differentiation influences from the stem cells of the epidermis
(Cotsarelis et al., 1989). In addition, various structural proteins, such as keratin, alpha enolase or
EGF receptor, characterise the limbal basal epithelium as an independent unit with a specific
microarchitecture (Hogan et al., 1971). It is also suggested that there is a lack of specific proteins
that allow fluid communication between corneal epithelial cells in the limbal basal epithelium
(Matic et al., 1997).

1.5

Sclera

The sclera is composed of three layers: the episclera, the stroma and the lamina fusca. It is
surrounded by the outermost layer of the eye, the Tenon's capsule, which acts as a sleeve
between the sclera and the orbital fat. Tenon's capsule is composed of a dense layer of collagen
fibrils. The surface of the sclera constitutes approximately 80% of the surface of the globe. The
inner layer called the lamina fusca is in apposition to the choroid and the ciliary body (Foster
and de la Maza, 2013). The epithelium of the conjunctiva passes into the epithelium of the
cornea, and the collagen fibres of the sclera run into the corneal stroma (Junqueira et al., 2004).
The diameter of the sclera is about 24mm (Watson, 2012, Watson and Young, 2004). The scleral
thickness changes across the globe and depends on the axial length of the eye. At the limbus,
the sclera is about 700µm thick. The thinnest region is at the equator (0.40 ± 0.14)mm and the
thickest at the posterior pole (0.86 ± 0.26)mm (Buckhurst et al., 2015, Vurgese et al., 2012). Eyes
with a longer axial length have significant thinner posterior sclera (Watson, 2012, Watson and
Young, 2004).
The proportion of proteoglycans between the collagen fibrils of the sclera is a quarter of that
found in the cornea. Hence, the sclera contains less water than the cornea (75%). The scleral
swelling pressure was found to be in the range of 20 to 30g/cm (Foster and de la Maza, 2013).
The sclera consists mainly of water (68%), which is surrounded by unorganised fibres of
extracellular proteins (Watson and Young, 2004, Trier et al., 1990). The dry weight mainly
constitutes collagens (75%), proteoglycans (2%), fibrocytes (2%), elastin, blood vessels,
electrolytes, glycoproteins and other substances (Foster and de la Maza, 2013).
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The thickest layer of the sclera is the stroma. It consists mainly of extracellular collagen (80%
type-I, 5% type-III, and smaller amounts of type-V and VI) (Watson and Young, 2004, Trier et al.,
1990). The diameter of the collagen fibrils (collagen type-I, III, V) in the scleral stroma is larger
than the cornea. The collagen fibrils vary in diameter (25 to 300nm), size (0.5μm to 6μm length,
10μm to 50μm width) and are arranged irregularly. (Borcherding et al., 1975, Foster and de la
Maza, 2013, Trier et al., 1990, Watson and Young, 2004, Hogan et al., 1971).
The proteoglycans (36% dermatan sulphate, 35% chondroitin sulphate, 23% hyaluronic acid and
6% heparin sulphate) control the stiffness of the sclera and differ significantly from the
composition in the cornea (Watson and Young, 2004, Trier et al., 1990). The stroma of the sclera
is permeated with ciliary blood vessels and nerves but has no direct blood supply and no
capillary plexus. The sclera is nourished via diffusion of nutrients through the episcleral and
choroid vessels. The histological characteristics of the episclera differ from the stroma as the
collagen bundles of the episclera are arranged more loosely, and the episclera has a direct
blood supply (Hogan et al., 1971).
The sclera shows poor tensibility, although it is under constant tension from the IOP. Like most
other viscoelastic systems, the extensibility of the sclera is higher with increasing IOP. The
scleral resistance to stretch increases, when the strain from the IOP increases over a prolonged
period (Foster and de la Maza, 2013, Roger St Helen and McEwen, 1961, Asejczyk-Widlicka and
Pierscionek, 2008). This is described as the scleral rigidity and can be divided into timedependent and immediate stiffness. Therefore, the strain or the rigidity of the sclera cannot be
specified as a static value but needs to be considered in view of the extent of the pressure
change and the exposure time (Roger St Helen and McEwen, 1961).

1.6

Haemodynamics of the eye

The ocular blood supply originates from the ophthalmic artery, which then divides into the
ciliary and retinal blood circulation, with the majority of perfusion (96%) being maintained by the
ciliary circulation (Ulrich, 2005). Venous drainage is facilitated by the ocular pulse during systole;
because of the increase in the systolic blood pressure, the venous pressure exceeds the IOP
and blood flow in extraocular veins (Ulrich, 2005). The hemodynamic in the eye is dependent
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upon perfusion pressure, vascular resistance, and the blood flow resistance, which is
determined in particular by the blood viscosity (Hayreh, 1997).
The perfusion pressure in the retinal circulation results from the difference between the arterial
pressure of the central retinal artery and the venous pressure or to IOP, respectively – because,
at the exit of the ocular veins, the pressure in the veins corresponds to IOP (Bill, 1975). In the
ciliary circulation, the perfusion pressure results from the difference between the arterial
pressure of the arteriae ciliares and the IOP. With an increase in IOP, the pressure in the ocular
veins increases and consequently the ocular perfusion pressures in all ocular circulation areas
decrease. The ciliary blood pressure reacts most sensitively; it decreases faster than the
pressure in the retinal system with increasing IOP (Augustin, 2007). This is due to the different
structure of the vascular system. In contrast to the central artery, the ciliary vascular system has
a large number of extraocular vessel and shunts. Because of this anatomical difference, there
is a pressure difference in the two systems, and hence, the response to a rise in IOP varies
(Ulrich, 2005).
The healthy eye is able to despite both the change in perfusion pressures and the change of
IOP. There are various local autoregulation mechanisms to keep the system almost constant or
adapt to the demand. The ability of autoregulation can be detected both in the area of the retina
(Bill and Sperber, 1990) and in the optic nerve head (Ulrich, 2005). There are several hypotheses
of the mechanism of autoregulation: the myogenic, metabolic and neurogenic hypothesis
(Hayreh, 1997).
The IOP rises and falls continuously in synchrony with the cardiac cycle. These fluctuations can
be quantified as ocular systolic and diastolic pressure changes; the difference in the pressure
provides a measure of the ocular pulse amplitude (OPA). The OPA corresponds to the rhythmic
pulse pressure, which is generated by the ocular blood flow in the choroid and is therefore
considered as an indirect measure of the choroidal circulation. The OPA is dependent upon
various factors including the cardiovascular system, rigidity of the ocular blood vessels, ocular
biomechanics and the outflow facility of the aqueous humour. As such, a significant body of
literature suggests that OPA may be of importance in the pathogenesis of ocular diseases such
as glaucoma (Harris, 2010).
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1.7

Aqueous humour

Aqueous humour is a clear fluid that fills the anterior and posterior chambers of the eye. Water
is the main component of the aqueous humour accounting for 98% of its content (Augustin,
2007); the remaining two percent includes amino acids, electrolytes, lactic acid, ascorbic acid,
glutathione, immunoglobulins and traces of hydrogen peroxide (Krakau, 1949).
The aqueous humour is produced at the pars plicata of the ciliary body. The production is a
three-step process involving diffusion, ultrafiltration and active secretion. The ciliary blood
supply provides the necessary substances, such as ions, proteins and water, to produce the
aqueous humour. Ultrafiltration allows water, ions and macromolecules from the permeable
capillaries of the ciliary body to withdraw into the ciliary stroma. The water and dissolved
substances are transported into the stroma via ultrafiltration and diffusion, driven by oncotic
and hydrostatic forces. The hydrodynamics involved in aqueous humour production are
complex, and Starling-forces are often considered. The Starling equation represents the net
flow of fluids across a capillary membrane when driven by hydrostatic and oncotic forces. The
dynamics of these Starling-forces in the ciliary body is mostly unknown, but they are known
basic conditions under which the process is conducted. Ion transporters in the basolateral
spaces produce osmotic gradients. Following these gradients, the water flows into the
posterior chamber of the eye. The blood-aqueous barrier largely prevents the occurrence of
proteins in the posterior chamber. The resulting Starling-forces prevent passive movement of
water through the bilayers of the ciliary epithelium. Therefore, the process of aqueous humour
production is an active secretion process (Augustin, 2007, Goldman, 1943). The aqueous humour
exits the interior of the globe through two different pathways, the trabecular and the
uveoscleral outflow. From the posterior chamber of the eye, the of the aqueous humour flows
through the pupil into the anterior chamber and from there 70 to 95% of the aqueous humour
exits via the trabecular meshwork and Schlemm's canal into the episcleral venous system and
from there into the venous circulation (Augustin, 2007). The remaining 5 to 30% of aqueous
humour outflows through the uveoscleral pathway. The aqueous humour exits through the root
of the iris, between the ciliary muscle bundles, through the suprachoroidal into the scleral tissue
(Augustin, 2007).
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2

Intraocular pressure - a physiological value

From a medical point of view, the intraocular pressure (IOP) is a measurable ocular
characteristic of the steady state of different elastic forces to sustain a physiological status of
the eye. The influencing factors on IOP affect each other. Physically, the pressure is a parameter
to describe the material resistance against the change of its spatial extent.

2.1
2.1.1

Intraocular pressure
Definition

The IOP is generated by the constant formation and drainage of the aqueous humour. It
provides the shape and stability of the bulbus and thus maintains the optical and metabolic
status of the eye. A threshold IOP of 21mmHg is still widely accepted as a threshold to
discriminate between healthy and suspect glaucomatous eyes. The value was determined in a
study conducted by Leydhecker et al. on a cohort of 10,000, the mean IOP was (15.5 ± 2.57)mmHg
(Leydhecker et al., 1958). Leydhecker et al. (1958) analysed 19,880 healthy eyes (male:female
13,861:6,019). Based on their analysis they could differentiate between two subgroups: eyes
with normal and abnormal IOPs. For the normal subcohort, the interval of 99.73% of all
measurements (mean ± 3SD) was between 7.8mmHg and 24mmHg, whereas 95.45%
(mean ± 2SD) was between 10.5mmHg and 20.5mmHg. They concluded that eyes with IOP over
20.5mmHg could be seen as suspicious glaucomatous and eyes with IOP above 24mmHg as
pathological (Leydhecker et al., 1958). More recently the Salzburg-Moorefield-CollaborativeGlaucoma-Study found similar values of (15.6 ± 2.9)mmHg (Hitzl et al., 2007). The IOP of infants
is approximately 6mmHg to 8mmHg at birth; it increases by approximately 1mmHg over two
years and is (12 ± 3)mmHg by twelve years age (European Glaucoma Society, 2014).
Modern management of glaucoma is about individual target pressures rather than reaching a
certain IOP level (Palmberg, 2004, Singh et al., 2000, European Glaucoma Society, 2014). The
European Glaucoma Society guidelines defined the target IOP as "[...] an estimate of the mean
IOP obtained with treatment that is expected to prevent further glaucomatous damage."
(European Glaucoma Society, 2014)
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To maintain the physiological IOP level, the rate of aqueous humour formation needs to match
the rate of drainage. The in- and outflow is approximately 2.75μl/min (Augustin, 2007). Most of
the aqueous humour (85-90%) flows through the anterior chamber via the iris root, the anterior
surface of the ciliary body and the trabecular meshwork. The rest of the aqueous humour
passes through the uveoscleral outflow mechanism (Adler et al., 2011). The entire flow can be
described by Ohm's law, E 2-1.
V=

IOP − EVP
R

V
IOP
EVP
R

= Volume aqueous humour (m3)
= Intraocular Pressure (m-1 · kg · s-2)
= Episcleral venous pressure (m-1· kg · s-2)
= Flow resistance (m2 · kg · s-2)

E 2-1

The outflow facility is often used instead of the flow resistance, E 2-2. As such, using
physiological values an IOP of 15.06mmHg can be determined, E 2-3 (Draeger, 2008).
V = C ∙ (IOP − EVP)
IOP =

𝑉𝑉
+ EVP
𝐶𝐶

C

= Facility (m4 · kg-1· s2)

Physiological values:
C
= 0.33mm3/mmHg
V
= 2mm3
EVP
= 9mmHg

E 2-2

E 2-3

Based on the relationship between IOP and the physiological factors (E 2-3), it is evident that an
increase in the EVP results in an increase in IOP within a few seconds, achieved by an increase
in vein volume. In long-term, the IOP increased by pressure-induced contraction of the
Schlemm's canal and related in an increase of the flow resistance (Draeger, 2008).

2.1.2

Function

The dynamic changes in IOP with the cardiac cycle and respiration are usually in the order of 1
to 2mmHg (Draeger, 2008). The IOP also fluctuates with the circadian rhythm; these diurnal
variations are approximately 1 to 5mmHg (Augustin, 2007). These small changes suggest that
the mechanism for maintaining the IOP is highly regulated. It is still unclear why the IOP level is
so closely controlled, but one possible theory suggests that the pressure is essential for
maintaining globe shape and thus, the stability of the optical apparatus (Draeger, 2008).
Although, a weak correlation between IOP, refractive error and the image quality of the eye is
contrary to this supposition (Asejczyk-Widlicka and Pierscionek, 2007, David et al., 1985). There
have also been suggestions that the IOP may be regulated as a secondary process; where the

- 26 -

Chapter I: Scientific Background
primary function is the production and outflow of aqueous humour to nourish the lens and
cornea (Draeger, 2008).

2.2

Influencing factors

The IOP is a dynamic metric, which is affected by a number of physiological factors such diurnal
variation, arterial pulse, eating and drinking, Figure 2-1, Table 2-1 and Table 2-2.

Figure 2-1: Influencing factors on IOP (Draeger, 2008) (© 2017 Oehring, D)

Table 2-1: Periodical fluctuation of the IOP
Cause

Normal (mmHg)

Extreme (mmHg)

Pulsatile fluctuations (T ≈ 1s)

0.5 - 2.0

7

(Best et al., 1970)

Respiratory variations
(Breathing T ≈ 4s)

0-2

4

(Leydhecker, 1976)

Vasomotor fluctuations (Vessel
regulation T ≈ 4s-20s)

0-2

8

(Leydhecker, 1976)

Diurnal fluctuations (T=24h)

5

3 - 12

(Leydhecker, 1976)

Table 2-2: Non-periodical fluctuation of the IOP
Cause

Normal (mmHg)

Water drinking*

Age 20-29 years: +1.2 ± 1.9
Age 40-49 years: +2.5 ± 2.3

(Armaly, 1970)

Coffee drinking**

After 30 min: +1
After 60 min: +1.3
After 90 min: +1

(Higginbotham
1989)

Holding breath

+ 50% (min. 4-5mmHg)

(Whitacre
1993)

and

Stein,

Lid close
After squeezing lids

-1 to +1
-1.98 ± 0.20

(Whitacre
1993)

and

Stein,

*Drinking of 1 litre, measured after 30min

Extreme (mmHg)

-4.3
+80
(Blepharospasm)
** Drinking of 2 cups
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2.2.1

Body posture

Numerous studies have shown the influence of head and body position on the IOP (Anderson
and Grant, 1973, Carlson et al., 1987, Hanke et al., 1984, Jain and Marmion, 1976, Linder et al., 1988,
Prata et al., 2010, Tsukahara and Sasaki, 1984, Liu et al., 2003). It has been observed that the IOP
increases as the body position moves from upright (90°) to supine (180°). Such changes are in
the order of 1 to 2mmHg. Studies assessing IOP change in the head down position show IOP
increase to be strongly related to the degree of tilt (Carlson et al., 1987, Hanke et al., 1984, Linder
et al., 1988). In 180° position (head-down), IOP levels have been observed to increase three
times higher than the baseline values (Linder et al., 1988). Furthermore, posture-induced
changes in IOP were found to be greater in glaucomatous eyes (Anderson and Grant, 1973, Jain
and Marmion, 1976, Prata et al., 2010, Tsukahara and Sasaki, 1984). These IOP changes with
posture appear to be short term. Such observations provide further evidence that IOP is
maintained via a regulatory mechanism. It is believed that the Bayliss effect has an influence on
the episcleral veins perfusion. For head-down position, arteries show a pressure increase.
According to Bayliss, the autoregulation leads to a constriction of the smooth muscle cells in
artery walls, thus causing the circulation and volume to reduce in the veins. It is also known that
an artificial increase in pressure with normally functioning aqueous outflow by increasing the
outflow rate is very quickly initiated to regulate the pressure (Bayliss, 1902, Hanke et al., 1984).

2.2.2

Comparison of episcleral venous pressure and position change

The close correlation between IOP and episcleral venous pressure (EVP) has been investigated
in many studies (Blondeau et al., 2001, Friberg et al., 1987, Jünemann et al., 2012). Friberg et al.
(1987) observed a 1mmHg increase in IOP if the EVP raised by (0.83 ± 0.21)mmHg. EVP in the
upright position seems to be unaffected by age. However, higher values have been noted in
older individuals in the supine position. During the day, the EVP is relatively constant, only when
lying down it increases by 0.2 to 13.4mmHg (Blondeau et al., 2001, Leith, 1963, Stepanik, 1957,
Linner et al., 1950).

- 28 -

Chapter I: Scientific Background
2.2.3

Intrathoracic pressure

An increase in intrathoracic pressure (i.e. when performing a Valsalva manoeuvre) has been
found to result in an IOP rise. Such changes are thought to be the result of increased pressure
in the thorax, which causes a reduction in the venous blood flow. Subsequently, this increases
the central venous pressure and the blood volume of the episcleral and the choroidal plexus.
Clinical relevance of the effect of the intrathoracic pressure on IOP is particularly notable during
childbirth when labour induced contractions can cause IOP to increase by 12mmHg (Jünemann
et al., 2012).

2.2.4

Diurnal variation in IOP

Numerous studies have investigated diurnal variation in IOP, Figure 2-2. It is agreed that there is
a daytime-dependent IOP pattern and that the fluctuations in glaucomatous eyes are greater
than in normal eyes (European Glaucoma Society, 2014).

Figure 2-2: Example data of diurnal IOP over three days (OD blue, OS green), grey areas
represent night time and the yellow area the range between suspicious glaucomatous to
pathological IOPs (data from (Grehn and Mackensen, 1993) (© 2017 Oehring, D)

Most studies show high IOPs in the morning and lower IOPs in the late afternoon and evening
(Drance, 1960b, Syam et al., 2005). Furthermore, some studies showed an increase in IOP (Liu et
al., 2003, Liu et al., 1998, Sit et al., 2008, Wilensky, 1991), while others report a decrease (Fan et al.,
2011, Henkind et al., 1973, Liu et al., 2011a, Weitzman et al., 1975) in the nocturnal IOP; it is unclear
why there are discrepancies between studies. There is no clear evidence for the systematically
change of the IOP during 24 hours. In research, the correlation between IOP and cortisol as well
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as melatonin, are discussed. These hormones have circadian rhythm (Liu et al., 2011a, Weitzman
et al., 1975, Wilensky, 1991).
Several studies found a significant IOP decrease from day to night (Fan et al., 2011, Henkind et
al., 1973, Liu et al., 2011a, Sit et al., 2008, Weitzman et al., 1975). Weitzman et al. (1975) compared
IOP and blood cortisol levels over a 24-hour period, revealing a decreasing in IOP overnight.
Additionally, the investigators showed a significant effect of plasma cortisol levels on IOP within
3 hours (Weitzman et al., 1975). In contrary to the above findings, the study by Liu et al. (1998)
assessed this topic under physiological conditions in a sleep laboratory and infrared light. They
showed a nocturnal increase in IOP (Liu et al., 1998).
Despite the IOP showing diurnal variation, there is still some discrepancy in the literature in
regard to the extent and nature of these changes. Ambiguity in the observations is likely to be
a result of differences in:
×

Tonometric devices used,

×

The frequency of IOP measurement,

×

The location of the study, i.e. hospital, home,

×

The study population, i.e. age, healthy or diseased eyes, drugs.

An unavoidable error of all studies examining sleep and IOP levels is that the subjects must be
awakened for the tonometry measurements. In view of the evidence of an association between
blood cortisol levels and IOPs, it may be surmised that the stress response triggered on
awakening could cause an increase in IOP. Moreover, unless IR lighting is used in the
laboratories, room lights must be turned on, resulting in pupil miosis which may affect the IOPs.
Diurnal variation in the aqueous humour dynamics has also been associated with fluctuations
in IOPs although the literature is ambiguous as to the magnitude of this effect (Wilensky, 1991,
Fan et al., 2011, Liu et al., 2011a, Sit et al., 2008).

2.3

Intraocular pressure regulation

For short-term changes in IOP, the eye can be described as a closed unit with various
compartments. The bulbus is built of two main circulation areas: one composed of the uvea and
retina, and the other one, a non-perfused area, built from the aqueous humour, lens and vitreous
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body. The sclera and cornea, both viscoelastic tissues, surround these spaces. Despite the
many physiological factors that affect IOP, the system by which IOP is maintained is highly
regulated. On review of the literature, it is evident that that two prevailing theories on IOP
regulation are based upon the closed pressure-volume model or the open hydraulic model.

2.3.1

Closed-model (Pressure-volume)

In the pressure-volume model, the volumes of aqueous humour, lens and vitreous can be
considered constant. The only variable value is the volume of blood in the vascular system.
Therefore, in a closed system is a direct correlation between the displaced volume of fluid and
the IOP change. The relationship between volume change and thereby induced pressure
change is exponential (Draeger, 2008). Depending on the output pressure, the same volume
change may give different levels of pressure increase. Furthermore, the slope of the pressure
curve is dependent on the rigidity of the tissue (Draeger, 1960). Ocular volume change can be
considered as those induced by the ocular blood volume during the cardiac cycle or when
performing indentation tonometry.
Friedenwald and Grant investigated the relationship between ocular volume changes via
indentation tonometry and IOP - hence, displaced fluid volume by applying a defined force - to
describe the theoretical fundamentals of indentation tonometry. The physical principle of the
indentation tonometry is the decrease in IOP over time, by a certain pressure (Friedenwald,
1957, Grant, 1950, Grant and Trotter, 1955, Reitsamer et al., 2011).
Due to the large volume changes and the lack of understanding of corneal and scleral
biomechanics significant errors were introduced in these studies. Much of this work was
conducted on enucleated eyes, thus failing to consider the influence of the vascular component
of the pressure-volume system (Draeger, 1960, Drance, 1960a). In particular, the studies failed
to consider the effects of the choroid, which is dependent on blood pressure, IOP and the
elasticity of blood vessels. Based on the pressure-volume system the measurement of the
ocular pressure can also be used to derive the required volume for a particular change in the
IOP. Although this is affected by ocular rigidity, if this theory is true, the pulsatile blood flow
could be concluded from the pulsatile change in ocular pressure (Silver and Farrell, 1994, Silver
et al., 1989).
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The closed pressure-volume model is a sound theoretical model for understanding the
relationship between IOP and ocular volume. Despite this, when considering the technical
limitations in measuring ocular volume and the effects of ocular rigidity the model is limited.

2.3.2

Open-model (Hydraulic)

Due to limitations of the closed-model system, Moses and Barany created the hydraulicpressure model based on mathematical calculations (Barany, 1963, Moses, 1977). The model is
fundamentally based on the pressure-volume system, but importantly, includes a dynamic
component which accounts for the aqueous humour in and outflow.
The aqueous humour production and pathway is explained in Chapter I section 1.7 (page 24).
The outflow of aqueous humour through the trabecular meshwork occur against resistance,
and hence, the volume of outflowing fluid depends on the IOP (Brubaker, 1975). The IOP
increases until the volume of aqueous humour produced balances the volume of fluid exiting
the eye. Under these conditions the IOP is constant (Adler et al., 2011, Moses, 1963).
The hydraulic model takes a further component into account, namely, the uveoscleral exit. The
uveoscleral outflow is the alternative outflow of aqueous humour through the iris root, ciliary
muscle and the suprachoroidal space. Unlike the outflow via the trabecular meshwork, the
uveoscleral outflow is largely independent of the IOP and is thus constant (Bill and Barany, 1966).
Under the steady-state conditions, the volume of aqueous humour produced and discharged
are equal, and hence, the mathematical equation of the model can be simplified, E 2-3 (page 26).
The episcleral venous pressure as an additive element in the equation for the pressure. If the
aqueous humour production goes to zero, the eye pressure cannot be zero, given that the
episcleral venous pressure defines the lower limit of the attainable ocular pressure and is about
7 to 14mmHg in healthy eyes (Zeimer, 1989).

2.4
2.4.1

Intraocular pressure measurement - Tonometry
Pressure measurement

Static pressure can be defined as the ratio of the sum of the forces acting on a surface in relation
to the surface area. Force is a vector; its characterization requires specification of the unit,
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magnitude and direction of the effect. Static pressure is a scalar and is well described only by
unit and magnitude. A finite differential quotient dp/dx results along the connecting border, if
units with different pressures abut each other. The pressure gradient is a vector indicating an
effect in a certain direction. As such the effect of pressure can only be defined as the difference
in pressure between disparate points.
2.4.1.1

Indirect measurement

The fundamental principle of indirect measurement is the detection of a parameter, which can
imply the pressure of interest. The eye can be considered as a hydrodynamic system, which has
a balanced inflow and outflow (Adler et al., 2011). The globe can be regarded as a storage unit
for pressure energy. This energy is present as the compression of the intraocular structures and
liquids as well as a kind of elongation of the eyeball within a given size of the globe.
Theoretically, the globe shells can be stretched until the force per area (tension) is in balance
with the IOP. Changes in the inflow or outflow of ocular fluid cause a decrease or increase in
tension in the shells until an equilibrium is reached again. Thus, three different physical values
for indirect measurement of IOP can be used:
×

Geometric values such as curvature of the cornea and sclera,

×

Tension of globe shells,

×

Density of different structures of the eye.

2.4.1.2

Geometrical shape of the globe

In general physics, a small radius of curvature requires a high pressure for expansion. With
increasing size, the inflation of a spherical body becomes easier, i.e. the pressure in the body
decreases. This relationship is described by the Young-Laplace equation, E 2-4 – the parameters
included in the equation are explained in the following section 3 (page 42 et seq.).
p=

2 ∙ 𝜎𝜎 ∙ 𝑑𝑑
𝑟𝑟

p
σ
d
r

= Internal pressure in a spherical tabular body (m-1 · kg · s-2)
= Stress in the body's shells (m · kg · s-2 · m-1)
= Wall thickness (m)
= Internal radius of the body (m)

E 2-4

The equation shows that with increasing radius and decreasing wall thickness the pressure
decreases. The eye can be considered as two connected hollow hemispheres. Thus, E 2-5
applies.
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p=

2 ∙ 𝜎𝜎6 ∙ 𝑑𝑑6
2 ∙ 𝜎𝜎7 ∙ 𝑑𝑑7
=
𝑟𝑟6
𝑟𝑟7

c
s

= Cornea
= Sclera

E 2-5

According to the principle of the smallest constraint (Braun, 1888), any operation is directed to
prevent or minimise the change, caused by an external impact on a system. A pressure increase
would introduce an increase in corneal radius to reach the longer radius of the sclera. Thus, a
further increase in pressure would be minimised (Von Helmholtz, 1866).
Early studies couldn't detect corneal curvature changes in physiological IOP ranges (Koster
Gzn, 1899). Whereas more recent experimental studies with the focus in determining the corneal
pulse showed, that under IOP elevation a corneal elongation in radial direction of about 20 to
30µm can be detected (Weber, 2008)
2.4.1.3

Mechanical tension of the globe shell

According to the Young-Laplace formula, E 2-4, the thickness and, in particular, the stress of the
shell are further variables of this internal pressure equation. The principle of the smallest
constraint can also be understood in that way that action opposing intend processes, is done
to guarantee the shape constancy of the globe. Volume changes must be considered as
primary changes; these changes should be as small as possible. To ensure that, the globe shell
must be very stiff, which is proved by the investigations of Koster (1899). A small increase in
volume would lead to a large increase in wall tension and stress. A small eye with a relatively
thick wall and a small radius must have lower tension when compared to a bigger eye with
thinner walls at the same IOP. It is possible to estimate precisely the IOP if the axial length and
the thickness of the globe, as well as the wall stress of the eyes, can be measured.
2.4.1.4

Density of the globe shells

The fluid density is connected to its interior pressure by the compression modulus, E 2-6. Liquids
are not very compressible. For example, water shows a very low compressibility and a
corresponding high compression modulus of 1.57·107mmHg, 2.09·109Pa (Gottstein, 2013). Thus,
even an extreme increase of interior pressure would result in a little density change. For
example, a pressure increase of 10mmHg would result in an increase in density of about
6x10-5%. Even with large changes in pressure the density of water-based liquids hardly changes
(Draeger, 2008).
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p
∆ρ
=
𝐾𝐾
𝜌𝜌

2.4.2

= Internal pressure (m-1 · kg · s-2)
= Compression modulus (kg/m3)
= Density (kg/m3)

p
K
r

E 2-6

Tonometry

Tonometry is the measurement of IOP. Tonometers are used to measure IOP and are used in
routine eye care. There are many types of tonometer, but all are based on measuring the force
needed to applanated or indent a given surface area of the cornea. To date, Goldmann
applanation tonometer (GAT) is the gold standard method of assessing IOPs, but in recent
years, non-contact tonometers have grown in popularity.
2.4.2.1

Applanation tonometry

Applanation tonometry (AT) is based on the Imbert-Fick law which assumes that the eye is a
perfectly spherical container which is composed of an infinitely thin, elastic, dry and flexible
membrane. Based on these assumptions it is inferred that the pressure inside the container is
equal to the force needed to applanate a given surface area, E 2-7.
p=

𝑊𝑊
𝐴𝐴

p
W
A

= Pressure (m-1 · kg · s-2)
= Weight (kg)
= Area (m2)

E 2-7

Goldmann (1957) invented the GAT to overcome the problems of ocular rigidity encountered in
when determining IOP. The GAT was the first variable force applanation tonometer, where the
instrument measures the amount of force needed to flatten a known area. The GAT consists of
an applanation tonometer head and spring-loaded lever system, which is attached to a slit lamp
biomicroscope. The tonometer probe has a flattened tip incorporating a doubling prism, which
splits a full circle into semi-circles. The flat tip of the head is brought into contact with the
anaesthetized cornea. The pressure applied must be increased until the two half-ring mires of
the observation prism are in coincidence, and a diameter of 3.06mm is applanated. It is this
pressure that is taken as the IOP reading. The tear ring around the measurement head causes
the half-rings. To aid visualisation of the mires, fluorescein is administered, and the procedure
is conducted with cobalt blue light. Goldmann reported that when the applanation diameter
was between 3 to 4mm, the surface tension of the tear film, which pulls the tonometer head
towards the eye, would be equally opposed to the inherent rigidity of the cornea (Goldmann
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and Schmidt, 1957). Moreover, with this diameter, an IOP of 10mmHg is applanated with a mass
of 1g.
Despite being the gold standard tonometric device, there are several factors to consider when
using the AT. In particular, consideration needs to be given to the fact that the human eye does
not conform to the assumptions of the Imbert-Fick law, since:
×

The eye is not a sphere with an infinitely thin membrane, but mechanically a shell body with
significant bending stresses,

×

The surface tension of the tear film as well as the anaesthetic drops applied during the
procedure exert an adhesive force on the applanation tonometer head,

×

During applanation, there is a change in aqueous humour volume in the area of the flattened
cornea.

Thus, E 2-8 applies for the balance during corneal applanation (Draeger, 2008):
F
= IOP + ∆p + 𝑝𝑝6 + p@A
𝐴𝐴

F
A
Δp
pC
pAd

= Force of the tonometry head (m · kg · s-2)
= Applanation area (m2)
= Induced pressure increase (m-1 · kg · s-2)
= Pressure against the corneal flattening (m-1 · kg · s-2)
= Adhesion pressure (m-1 · kg · s-2)

E 2-8

Depending on the measurement method (area dependent or independent) the individual
variables in E 2-8 vary significantly. According to the force balance in E 2-8, it is shown that with
the use of AT it is not a physical pressure which is measured, but rather a force, which produces
a state of equilibrium.
Limitations of applanation tonometry
The original work by Goldmann (1957) indicates that the GAT is only accurate for CCT of
approximately 500µm. Therefore, if the cornea is thicker, greater levels of force is required to
deform it, thus, creating an artificially higher IOP reading. Conversely, if the cornea is thin, an
artificially lower IOP is obtained (Domke et al., 2006, Kohlhaas et al., 2006). The influence of CCT
on Goldmann IOP is a major drawback of the GAT, since studies have shown CCT to vary
significantly within a population and found to be affected by ethnicity (Shimmyo, 2004, Aghaian
et al., 2004), gender (Hanna et al., 2004), refractive error (Nomura et al., 2004) and surgical
procedures (Kirwan and O'Keefe, 2008). Further limitations of GAT include:
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×

Corneal oedema or physiological corneal swelling leads to an increase in CT. Due to the
lack of balance of swelling pressure and the tension of the tissue, the stiffness of the
cornea decreases, thus, the cornea becomes softer, and the measured IOP values are too
small (Ytteborg and Dohlman, 1965).

×

The volume change during GAT is less than 0.1% (0.54μl) of the eye volume. Therefore, it is
negligible with a resulting pressure increase less than 1mmHg (Draeger, 2008).

×

GAT is affected by corneal astigmatism (Schneider and Grehn, 2006). It is anticipated that
meridional curvature variation causes disparate distribution of the fluorescein which then
affects the conformation of the half-ring mires (Whitacre and Stein, 1993).

×

A large proportion of the random error is influenced by the fluctuating volume of tears
(Whitacre and Stein, 1993). Such variations result in difficulty in determining the precise
measurement area on the cornea and can cause errors of up to 8mmHg. Whitacre and
Stein (1993) reported narrow fluorescein half-ring to cause errors of up to ±0.35mmHg,
whereas wide half-ring could introduce errors of +4.6mmHg.

×

Depending on the anaesthetic used, the CCT can increase by approximately 10μm in the
first 80s, which results in an artificially higher IOP of approximately 0.4mmHg (Nam et al.,
2006). Another study showed an influence duration of 7-8min of the topical anaesthetics,
assessing a peak CCT after 1.5min by maximum 16µm followed by unswelling up to 8min to
baseline conditions (Herse and Siu, 1992).

×

GAT is also affected by ocular biomechanical factors such as hydration, elasticity,
hysteresis and rigidity; variables that have been shown to vary significantly between
individuals (Doughty and Zaman, 2000, Liu and Roberts, 2005, Medeiros and Weinreb, 2006).

×

A repeated GAT measurement changes the IOP reading, mostly resulting in a decreased
pressure reading (Domke et al., 2006, Gaton et al., 2010, Mauger et al., 1984, Thorburn, 1978,
Wilke, 1972). However, this is not to be confused with the massage effect, which exerts an
increased aqueous humour outflow through the pressure on the eye caused by the
measurement. The difference results from the pressure rise. The increased aqueous
humour outflow caused by the increased pressure is negligible (Draeger, 2008). Rather, it
must be a psychophysical effect, which, depending on the author, is depending on the
aqueous humour dynamics and can cause an effect up to 5mmHg (Whitacre and Stein,
1993).
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2.4.2.2

Non-contact tonometry

Non-contact tonometry (NCT) utilises a defined jet of compressed air to applanate the cornea.
The non-contact method has distinct advantages in that it does not require disinfection and
minimises risks associated with contact procedures (Britt et al., 1991, Grehn, 2012). Furthermore,
the duration of the air puff is approximately 15ms, so the measurement period is faster than the
blink reflex; the latency time of the normal blink reflex is approximately 30ms (Shahani, 1970). It
is assumed that the jet of compressed air has a ramped characteristic, Figure 2-3. The total
pressure exerted by the air puff is the sum of static and dynamic pressure of the compressed
airflow. The total pressure of the compressed airflow is referred to as airflow pressure in the
following section to aid distinction from IOP.

Figure 2-3: Graphical illustration of the deformation of the corneal surface
using an air puff with a simulated linear increasing pressure (© 2017 Oehring, D)

During NCT the cornea is applanated by the increasing airflow pressure. As the force is applied
the corneal curvature flattens. During the measurement event, a stagnation point is reached
when the airflow pressure is greater than the opposing force from the eye; at this point, the
cornea moves from being a convex shape to a concave form. The airflow pressure at this point
in time is considered the reference value for determining the IOP. The IOP is derived via a linear
calibration equation for this specific airflow pressure. Following deformation, the airflow
pressure decreases and the cornea returns to its convex baseline stat, Figure 2-3.
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In contrast to GAT, the pressure application time during NCT is relatively short, GAT in the range
of several seconds depending on the experience of the clinician and NCT approximately 20 to
30ms. Therefore, using NCT, the process is not anymore, a quasi-static but a very dynamic
process. Because of this E 2-8 (page 33), is no longer valid.

Figure 2-4: Deformation-dependent reflection of the infrared light (IR) beam (radiation flux ϕ1=emitted IR,
ϕ2=reflected IR) on the eye during NCT: 1 & 5) initial convex baseline state of the cornea, 2 & 4) applanation point
and 3) concave deformation state (© 2017 Oehring, D).

In order to detect the maximum applanation point of the cornea, the optical properties of the
corneal geometry are exploited. A transmitter emits a beam of infrared light that is focused on
the cornea, and an optical sensor detects the reflected light. The characteristics of the reflected
light are dependent upon the corneal geometry. During the applanation process the intensity
of the reflected light beam changes with the curvature of the cornea; the highest intensity is
detected when the cornea is in the flat, mirror-like, applanation states, Figure 2-4.
Limitations
The major disadvantage of NCT is that it samples the IOP within a very short period of time
(approximately 19ms) and thus fails account for the oscillations in IOP caused by the cardiac
and respiratory cycles. As such a single measure of IOP may correspond to the peak, middle or
trough of the oscillations, which consequently reduces the precision with which the true IOP is
measured. Another disadvantage is its reliability on the quality of the tear film and corneal
regularity, both of which affect the reflectivity of the light required in the tonometric procedure.
A significant disadvantage of most tonometers is the inability to assess the corneal
biomechanical properties that are likely to influence the IOP measurements. As with GAT,
biomechanical properties of the cornea, such as CCT, curvature, rigidity and hydration play a
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significant role in NCT (Gräf, 1991, Salvetat et al., 2015, Steinberg et al., 2015a). Additionally, as
NCT utilises the dynamic changes in corneal curvature to determine the IOP and thus,
consideration also needs to be given to biomechanical properties relating to damping and
inertia. Further limitation of NCT IOP measurements include:
×

A NCT applanation over a 4mm diameter results in a 1.6µl ocular volume change, which is
less than 0.03% of the total eye volume, and therefore with less than 1mmHg negligible
(Draeger, 2008).

×

Tear film thickness seems to have an impact on the reliability of NCT readings. Practical
experience has shown, that the NCT measurement can be affected by the dryness of the
corneal surface. There has been observed significant effect on the measured IOP following
application of artificial tears (Wittenberg and Green, 1976). An application of one drop of
artificial tears increases the IOP by +2.9mmHg, and this increased to +3.5mmHg with two
drops.

Conventionally, due to the lack of reliable non-invasive means of assessing IOP, an evaluation
of the measurement uncertainty of an NCT is based upon comparison with the GAT, Table 2-3.
Usually, to estimate the measurement uncertainty, the simple standard deviation is used. The
international standard for tonometers (DIN EN ISO 8612:2001) allows a maximal error of 5mmHg
for 95% of all measured values. In practice this means, a standard deviation greater than
2.5mmHg, or more than 5% of the measured values outside the limits of 5mmHg, violates the
normative demands on the measurement uncertainty. On review of the literature (Table 2-3) this
is most evident for both the NCT and GAT. Since all devices are approved, differences in their
application cannot be excluded, which suggests that the reason for the variation in IOP
readings is based on ocular factors rather than on the uncertainty of the device. Devices such
the NT-4000 Nidek NCT provide the means to take NCT measurements that are synchronised
with the cardiac pulse hence aiming to improve the accuracy of the IOP readings. Despite such
measures, the standard deviation of IOP readings with the NT-4000 is not reduced suggesting
that the variability in IOP readings is not solely dependent on the cardiac pulse.
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Table 2-3: Comparison between GAT and NCT
Device

Population

n

Difference*
(mmHg)

SDNCT
(mmHg)

SDGAT
(mmHg)

Nidek NT-2000

Healthy

21

-1.9

2.4

2.3

Nidek NT-4000

Healthy

21

+0.1

2.6

2.3

(Jorge et al., 2002)

Reichert AT550

Healthy

35

+0.12

2.08

2.2

(Ogbuehi, 2006)

Topcon CT-80

Healthy

60

-0.2

2.94

2.74

(Sánchez-Tocino et al.,
2005)

Canon TX-10

Healthy

649

+0.2

2.7

2.9

(Jorge et al., 2011)

Reichert ORA

Healthy

92

+1,52

3.38

3.53

(Steinberg et al., 2015a)

CorvisST

Healthy

66

+0.66

4.2

4.4

(Salvetat et al., 2015)

CorvisST

Healthy

79

-0.3

2.5

3.4

Glaucoma

85

-2.6

3.7

4.4

(Lam et al., 2004)

*Mean (NCT) - Mean (GAT)

Explanation of the measurement uncertainty
The NCT measures the time and the airflow pressure when the first corneal applanation is at the
maximum point. To determine the IOP, a linear calibration of the measurement system is
calculated for the specific airflow pressure. When considering the biomechanical attributes of
the cornea consideration needs to be given to the anisotropic and nonlinear stress-strain
behaviour of this tissue (Fung, 1993), as these characteristics are likely to affect the reliability of
NCT. In view of these factors, the common assumption of a linear relationship between airflow
pressure at the maximum applanation point and the IOP seems limited. Based on the
uncertainty of the NCT, physical effects occurring during the measurement should be analysed
quantitatively and systematically. Currently, there is little known about this in the literature. The
following aspects should be considered:
×

Retraction and oscillation of the eyeball,

×

Measurement-related pressure changes in the eye,

×

Influences of the aqueous humour dynamics,

×

Deformation forces of the cornea.
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3

Ocular biomechanical properties

Biomechanics is defined as an interdisciplinary science that describes biological systems and
their intrinsically and extrinsically triggered movements as well as evaluating its anatomy and
physiology, using the concepts, methods and laws of mechanics. Biomechanics is often defined
as the mechanics of biology (Fung, 1993). All biological components including proteins, cells,
tissues and organs are characterised by their material structures and properties; these are
important in the regulation of their multiple functions. Therefore, to comprehensively
understand the pathophysiology of any disease a thorough appreciation of the tissue
biomechanics is essential.
Mechanics can be divided into the sub-disciplines dynamic and kinematic mechanics. Dynamic
mechanics is the branch that is concerned with understanding the cause of movement under
the action of forces; thus, studying the relationship between movements and the causing
forces. Dynamics can be further subdivided into statics and kinetics. Statics concerns the
equilibrium of forces on unaccelerated bodies, while kinetics relates to understanding the
relationship between movements and forces. In contrast to dynamics, kinematics describes the
appearance of movements, i.e. changes in the location of bodies or body points in time where
the mass of the body and forces acting upon it are disregarded.
When considering ocular biomechanics, only dynamic mechanics is of relevance and when
evaluating the anterior segment both static and kinetic mechanics need to be assessed to
characterise the physiological and pathological behaviour of ocular tissues.

3.1

Physical & biological basics

Most biological tissues exhibit viscoelastic characteristics. A time-dependent stress-strain
behaviour of the rate of deformation or elongation and preload. Viscoelasticity is considered in
the measurement of the stress-strain response of the sclera and cornea. On an assessment of
the literature, it is evident that there is a lack of consistency in the terminology used to describe
the biomechanical properties of the eye. Hence, to aid in understanding the theoretical and
practical concepts, the following Chapter discusses the underpinning physical and biological
concepts pertaining to this area of study.
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3.1.1

Basic mechanical parameters

The general objective when studying biomechanical properties is to describe the tissues with
the smallest possible number of characteristically material constants; the difficulty is to bring
these sizes in a unique context with the molecular structure. The variables deformation, strain
and stress, are introduced to characterise the biomechanical behaviour.
3.1.1.1

Stress and strain

Mechanical stress is defined force applied to a given surface divided by the surface area.
Depending on the direction in which the force acts, the stress can be classified as normal,
tangential or shear stress, Figure 3-1.

Figure 3-1: Schematic of normal stress (© 2017 Oehring, D)

The following definitions apply:
×

Tensile stress: if normal stress is a straining force.

×

Pressure stress: if the normal force is a pressure force, E 3-1, (Pressure: if the pressure stress
is consistent on all sides of a body, such as in gases.)

×

Tangential or shear force: if the force is parallel to the surface, E 3-2.
σ=

𝐹𝐹D
𝐴𝐴

σ
FN
A

= Normal stress (m-1 · kg · s-2)
= Normal force (m · kg · s-2)
= Surface area (m)

τ=

𝐹𝐹F
𝐴𝐴

τ
FF

= Tangential stress (m-1 · kg · s-2)
= Tangential force (m · kg · s-2)

E 3-2

= Ratio of relative length change (%)
= Initial length (m)
= Length change after force application (m)

E 3-3

ε=

𝑙𝑙
𝛥𝛥𝛥𝛥

ε
l
Δl

E 3-1

Strain (E 3-3) is defined as the relative change of geometrical dimensions (extension or
shortening) of a body under load - by a force or by a change in temperature. As the dimension
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of the body increases, it is called a positive strain (stretch), otherwise it is called a negative strain
(compression).
3.1.1.2

Hooke’s law

When surface acting forces are applied to solid or quasi-solid bodies, interior stress is
generated which results in distortion, shape or volume changes. In order to assess this
relationship, the level of stress applied to the interior surface and how much of the force against
the interior surface is caused by the outer forces needs to be determined. The level of resultant
distortion needs to be calculated to determine the relationship between force, stress and
volume change. To calculate this relationship is highly complex, and therefore, only very simple
situations can be assessed. As such a simplification of this association was introduced by the
physicist Robert Hooke to describe the elastic behaviour of solid bodies. Hooke’s law is based
on the following assumptions:
×

Distortions are proportional to stresses (org.: "ut tensio sic vis").

×

Elastic deformation is linearly proportional to the applied stress.

Hooke's law only applies to relatively small level of stresses, and the limit up to which it is valid
is called the proportional limit. If stress exceeded this limit, the distortion is no longer
proportional to the stress, but rather follows a more complicated function.
3.1.1.3

Modulus of elasticity (Young's or E-Modulus)

Figure 3-2: Deformation of a body causing by a normal force (© 2017 Oehring, D)

If a force applied is perpendicular to a flat surface and is directed away from this surface, the
resultant strain will manifest as an increased length, Figure 3-2 and E 3-3. If the normal force is
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within the limits of Hooke’s law, the relative change in length is proportional to the tensile stress,
E 3-4.
σ= E ∙ ε
E=

σ ∙ 𝑙𝑙
𝛥𝛥𝛥𝛥

= Normal stress (m-1 · kg · s-2)
= Ratio of relative length change (%)
= Initial length (m)
= Length change after force application (m)
= Modulus of elasticity (m-1 · kg · s-2)

σ
ε
l
Δl
E

E 3-4
E 3-5

The constant proportional relationship between the stress and the relative length change is
defined as the modulus of elasticity (Young’s Modulus or E-Modulus), E 3-5. The E-modulus is
dependent on the material and its temperature. The greater the material’s ability to resist
deformation, the higher the E-Modulus. A material with a high E-Modulus (i.e. steel) has a higher
rigidity than an equally engineered component with the same geometrical dimensions, which
has a low modulus of elasticity (i.e. rubber). In regards to biological materials, collagen has an
E-Modulus in a range of 3.75 to 11.5 GPa (Fratzl et al., 1998) while elastin is in the order of 0.5MPa
(Omelyanenko et al., 2013).
3.1.1.4

Shear

A force that pulls tangentially on a solid surface induces a shear movement, Figure 3-3. Shear
forces only change the shape of the solid body, not the volume. All edges perpendicular to the
affected surface of the cube are tilted by the angle g, E 3-6. Yet again if the deformation is
proportional to the stress, then Hooke's law applies.

Figure 3-3: Shear deformation (© 2017 Oehring, D)
τ = 𝐺𝐺 ∙ 𝛾𝛾

τ
G
γ

= Tangential stress (m-1 · kg · s-2)
= Modulus of shear (m-1 · kg · s-2)
= Sheer angle (°)
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3.1.1.5

Torsion

The torsion or twisting of a cylindrical body can be attributed to sheer movement, Figure 3-4.
Accordingly, the resistance of the material against the torsion is dependent on the modulus of
shear, named torsion modulus.

Figure 3-4: Torsion of a cylindrical solid body (© 2017 Oehring, D)

3.1.1.6

Bending

Bending occurs when there is expansion or compression of one side of a solid body. For
example, a pulling force at the free end of a unilaterally clamped rod results in bending,
Figure 3-5. Neutral fibres (dashed line Figure 3-5b) running through the centre of the rod retain
their length. However, the material above and below these fibres are stretched and
compressed, respectively. The tensile and compressive stresses of the material will try to
straighten the rod back to its original shape; the effect of these stresses increases with the
distance from the neutral fibres.

Figure 3-5: Bending of a solid body; a) Bending of a unilaterally clamped rod; b)
Tensile and compressive stresses in bending stress (© 2017 Oehring, D)

3.1.1.7

Correlation between stress, strain and deformation

The relationship between stress and strain is graphically evaluated in the stress-strain diagram,
Figure 3-6. The stress-strain response of viscoelastic materials is characterised by a linear and
viscous component. If the tissue is loaded continuously at a constant temperature, increasing
deformation (creep) and decreasing tension (relaxation) will result. In such an event, the
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deformation is initially spontaneously reversible, however with increasing load and delayed
reversibility permanent deformation occurs.

Figure 3-6: Experimental assessment of the stress-strain behaviour: a) Schematic of the different stages of
biological tissue during the application of normal force. b) Stress-strain diagram of viscoelastic materials
(© 2017 Oehring, D)

A distinction is made between elastic, viscous and viscoelastic response. Furthermore, the
response can be categorised quantitatively by characterising the relative stress to deformation
and the time of the response (Bergmann et al., 2005).
Elastic response
The relationship between stress and strain for small and linear deformation can be described
by the Hooke's law. In the case of an elastic response of an elastic body, the body would return
to its original shape once application of the force stops.
Viscous response
Application of stress to a viscous body leads to deformation that cannot be described by
Hooke’s law but by the viscosity function of the Newton equation, E 3-7.
σ=η ∙

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

σ
η
dε/dt

= Stress (m-1 · kg · s-2)
= Viscosity (m-1 · kg)
= Strain depending on time (% · s-1)

E 3-7

In this equation, the stress is not a direct function of strain but considers the derivative of strain
over time. For example, a constant time-independent strain does not result in stress; only a
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changing stress leads to strain. Newton's equation suggests that the stress-strain relationship
can only be described if time is considered as a variable.
Viscoelastic response
Many biological tissues exhibit viscoelastic behaviour. Viscoelasticity describes a timedependent stress-strain behaviour, which is affected by the initial state. These viscoelastic
changes are reversible. The viscoelastic behaviour can be described by characteristics such as
hysteresis, creep, relaxation and conditioning, Figure 3-7 (Fung, 1993).

Figure 3-7: Mechanical behaviour of viscoelastic tissues under stress (© 2017 Oehring, D)

3.1.2

Mechanical properties of collagen-based tissues

The ECM of connective tissues is mainly composed of water, collagen and elastin; hence, the
mechanical properties of the ECM are defined by the structural proteins, collagen and elastin.
Collagen is a stiff (ε=300 to 2500MPa), solid (σm=60MPa) and tough (1 to 10 kJ/m2) material (Fratzl
et al., 1998), whereas elastin is a stretchable material, which is arranged in network structures
(ε=0.1 to 0.4MPa, σm=0.6MPa) (Sandberg, 2012).
Both collagen and elastin become stiffer with increasing load. However, in comparison to
elastin the stiffening of collagen is quicker and of a greater magnitude. Such mechanical
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attributes of collagen ensure that it is resilient to overstretching. Elastin is significantly more
stretchable than collagen, but collagen has a much higher tear resistance, Figure 3-8. Collagen
offers the tissue strength, resistance to deformation and prevents overstretching and tearing;
whereas elastin provides extensibility and elasticity.

Figure 3-8: Stress-Strain behaviour of collagen (blue) and elastin (green) the vertical dashed
lines show the max strain, the horizontal lines the max load (© 2017 Oehring, D)

3.2

Ex vivo biomechanical properties of the anterior eye

On review of the literature, it is evident that due to technical limitations much of the research in
the area of ocular biomechanics has been based upon ex vivo experiments with enucleated
animal or human eyes. As such the next section provides an overview of the literature on ocular
biomechanics in ex vivo eyes.

3.2.1

Density

The density of the ocular tissues is based on the high-water content of these tissues. An
estimation of the overall density of the human eye can be calculated from the relationship
between mass and volume using the average values for human eyes; mass 7.5g and volume
6.69cm3, Table 1-1 (page 1). Therefore, numerically the average density of the human eye is
1.12g/cm3. Indeed, empirical ex vivo studies confirm values in the range of 1.0 to 1.05g/cm³
(Woll, 1994). Similarly in a study utilising sound waves to assess ocular density, Thijssen et al.
(1985) found the overall density of the eye to be 1.022g/cm3 (Thijssen et al., 1985).
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3.2.2

Poisson’s ratio (transverse contraction)

The Poisson's phenomenon describes the simultaneous cross-sectional dimensions change of
an extended uniaxial rod. It is due to the materials characteristic of changing its volume under
load as little as possible. There is some discrepancy in the literature as to the transverse
contraction of ocular tissues (µ). Reports suggest Poisson’s ratio vary between µ=0.3 (Woll,
1994) - which corresponds to the transverse contraction of steel - and µ=0.4999 (Ludwig, 1993) the transverse contraction of water.

3.2.3

Viscoelasticity of the globe shell

The viscoelastic characteristics of the ocular shell, namely the sclera and cornea, have been
widely investigated (Gloster et al., 1957, Spörl et al., 1996, Schlegel et al., 1972, Kotecha, 2007,
Kobayashi et al., 1973b). The literature suggests that on an application of a constant stress to
the globe shell the strain decreases with time. Thus, a similar IOP can cause different stretch
depending on the history of stress application.

3.2.4

Rigidity of the globe shell

Both, the structure and the thickness of sclera and cornea let assume that for tensile and
bending stresses the mechanical properties of the respective stroma dominate. This
relationship is supported by the observations of Jue and Maurice (1986), in which the stroma
was isolated from the Descemet’s membrane. The strain behaviour of the cornea shows minor
changes with increased pressure, whether with or without Descemet's membrane (Jue and
Maurice, 1986).
As well as demonstrating viscoelastic behaviour, most biological tissues also exhibit nonlinear
correlations between stress-strain (Fung, 1993). This stress-strain behaviour is influenced by the
viscoelasticity and should be considered in the measurement of mechanical properties. A
significant limitation of many studies exploring ocular biomechanics is the lack of consideration
given to the preconditioning of the tissue or the viscoelastic effect. The cornea and sclera have
a nonlinear relationship between mechanical stress and strain. Many authors linearize this
behaviour at the physiological IOP and use the E-Modulus to describe ocular biomechanics.
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On review of the literature it is evident that there are three key methods for determining the
stress-strain response of an ex vivo eye:
×

Theoretical derivation on the basis of the classical lamination theory2 on the basis of the
microscopic fibre behaviour (Li and Tighe, 2006, Pinsky et al., 2005).

×

Pressure-volume changes: The most widely used method to assesse the pressure-volume
relationship, is by artificially manipulating the IOP, Table 3-1 and Table 3-2. At the corneal or
scleral surface, optical markings are placed, and the displacement of these is used to
determine the strain of the tissues. Due to the small strain of the cornea and sclera of about
1% at 15mmHg, a very high spatial resolution of the stress measurement unit of less than
10μm is required; the majority of publications fail to report the resolution (Hjortdal, 1996,
Howland et al., 1992, Jue and Maurice, 1986, Liu and Roberts, 2005, Wang et al., 1996a, Woo
et al., 1972b). However, it is limited by the fact that it only allows an assessment of the strain
response to tensile stress.

×

Extensiometry: Tensile tests with individual strips of cornea and sclera as in material testing
are commonly carried out (Uchio et al., 1999, Terai et al., 2012a). The impact on the
knowledge of ocular biomechanics of these experiments is limited due to the changed
geometry and the anisotropy.

Examination of the literature shows little consensus on the exact nature of ocular biomechanics.
Large variations in methodologies and data analysis have contributed to this. The average EModulus of the cornea is approximately 4.8MPa, Table 3-1 and Table 3-2. Wang et al. (1996)
suggested that the corneal swelling has a significant effect on corneal rigidity. The variability of
results can be due to physiological and anatomical variations as well as different viscoelastic
conditioning or different measurement times (Wang et al., 1996a). A complete description of all
measurement conditions is not present in any of the studies.

2
Classical laminate theory is a method for calculating the disk and plate stiffness as well as the stress of a planar multi-layer
composition.
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Table 3-1: Overview of published E-Modulus of the cornea
Stress

At IOP
(mmHg)

E-Modulus
(MPa)

Comment

(Hjortdal, 1996)

Not linear

10-25
25-100

8.55
19.5

Eyes are frozen at -25°C

(Howland et al., 1992)

Linear

-

0.5

Modelled membrane

(Jue and Maurice, 1986)

Linear

-

5

Separately examination of the stroma
and the Descemet’s membrane

(Liu and Roberts, 2005)

Linear

15
24

0.19
0.58

-

(Ludwig, 1993)

Not linear

15
45

1.57
4.63

-

(Mow, 1968)

Linear

-

15.56

Shell model developed

(Vito and Carnell, 1992)

Linear

-

2

Cornea consists of 5 layers, layers are
independent

(Wang et al., 1996a)

Linear

A
B

5.3 ± 1.1
20 ± 10

A = after filling with NaCl
B = after filling with Dextran (to return
the swelling)

(Woo et al., 1972a, Woo
et al., 1972b)

Linear

15
45

3.38
8.27

No statement about swelling or
conditioning

Table 3-2: Overview of published E-Modulus of the sclera
E-Modulus (MPa)

E-Modulus (sclera) in ratio to
E-Modulus (cornea)

(Woo et al., 1972b)

1

5

(Kampmeier, 1998)

-

2-5

(Vito and Carnell, 1992)

5

2.5

Woo et al. (1972) investigated the horizontal and lateral surface deformation by pressure
fluctuations in eyes in a pressure chamber to simulate a more realistic strain. They obtained by
this method nonlinear stress-strain curves for the cornea and sclera, which was approximated
by exponential equations E 3-8 and E 3-9, Figure 3-9 (Woo et al., 1972b).
σ7 = (1.8 ∙ 10S ) ∙ (𝑒𝑒 SU.V ∙ W − 1)
σ6 = (5.4 ∙ 10Z ) ∙ (𝑒𝑒 [V.\ ∙ W − 1)

σs = scleral stress (dynes/cm)
σc = corneal stress (dynes/cm)
ε = strain (%)

E 3-8
E 3-9

Despite being under the constant stress of the IOP, the sclera shows poor extensibility. As with
other viscoelastic systems, the extensibility of the sclera is higher with increasing IOP.
Therefore, the resistance to stretch decreases, if the strain from the IOP increases over a
prolonged period. Scleral strain, more commonly referred to as scleral rigidity, can be divided
into time-dependent and immediate stiffness. Therefore, the strain or the rigidity of the sclera
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cannot be specified as a static value but needs to be considered with the extent of the pressure
change and the exposure time (Roger St Helen and McEwen, 1961).

Figure 3-9: Graphical analysis of the stress-strain behaviour of corneal (red) and scleral
(blue) tissues calculated using E 3-8 and E 3-9; Thirty-nine percent less stress is necessary
to stretch the cornea about six percent. The difference in the extent of stress increase
with higher strain (Woo et al., 1972b).

3.2.5

(An)isotropy of the cornea

Material is characterised as isotropic if the magnitude of a parameter, e.g. strain, does not vary
with the alignment of the material fibres. Therefore, the material is anisotropic if the magnitude
of a parameter depends on the material fibre orientation relative to the applied force.
Accordingly, anisotropic materials behave differently in different spatial directions.
The presence of isotropic or anisotropic properties of the cornea is rarely discussed in the
literature. All models for determining the applied forces of the cornea during AT (GAT and NCT)
are based on assuming isotropic corneal properties (Hock and Ingenieure, 1993, Ludwig, 1993).
A frequently cited source regarding the isotropy or anisotropy of the cornea was published by
Woo et al. (1972a). The investigators of this study applied a given pressure to enucleated eyes
and measured the resulting elongation in different directions (Woo et al., 1972a); the study
reported that the cornea showed isotropic behaviour. The almost isotropic character of corneal
stroma was also demonstrated by Elsheik and Alhasso (2009) using prepared porcine corneal
stromal tissues derived from the vertical, horizontal and diagonal meridian of the cornea
(Elsheikh and Alhasso, 2009).
Contrary to these findings, more recent evidence suggests that the cornea consists of collagen
fibres layers that have a unique anisotropy (Li et al., 2016a, Li et al., 2016b, Singh et al., 2017,
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Chang et al., 1974, Nguyen et al., 2014). These studies have observed that the corneal shear
anisotropy is highly associated with the expected fibre alignment, especially in the periphery of
the cornea.

3.2.6

Regional variation of corneal biomechanics

As discussed in Chapter I section 1.3.1.7 (page 14), the mechanical strength of the cornea is
determined by the density and orientation of the collagen fibres. Since the collagen
architecture varies across the cornea, several studies have demonstrated significant regional
variation in biomechanical strength (Hjortdal, 1996, Shin et al., 1997). In general, the cornea
appears to become stiffer from the apex to the limbus and with increased IOP (Hjortdal, 1996,
Shin et al., 1997, Li et al., 2016a, Li et al., 2016b, Singh et al., 2017, Chang et al., 1974, Nguyen et al.,
2014) but much of this evidence is based upon ex vivo studies.

3.2.7

Limitation of ex vivo measurements

The methods for determining ex vivo stiffness coefficients are compression and tensile tests,
which can be carried out either by extensiometry or pressure-volume change, Table 3-1 and
Table 3-2. The general limitation of such methods is that the determined material behaviour is a
combination of all structures in the direction of the applied stress. A differentiation of
substructures is not possible. To determine mechanical properties of human tissue using those
methods, the tissue must be extracted from the human body. If biological tissue is removed
from the physiological composite and separated from the blood supply and the innervation, the
elastodynamic material properties change significantly (Fung, 1993). In case of corneal tissue:
it is assumed, that the physiolgocial hydration status cannot be maintained after removing the
cornea from the living body (Koster Gzn, 1899, Kruse, 1960), furthermore it can be suggested
that the the cellular comonents of the cornea are not able to produce ECM material to maintain
a stable and physiological mechanical status. Thus, measurements on excised tissue cannot be
compared with measurements on living tissue. It is therefore not permissible to deduce the
stiffness coefficients in vivo from the ex vivo measurement.
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3.3

In vivo biomechanical properties of the anterior eye

In the past, corneal biomechanics have been assessed via several different measurement
principles in the past. Of these, the in vivo biomechanical metrics derived during non-contact
tonometry are the most well studied. The CorvisST (CST) and Ocular Response Analyzer (ORA)
are both based on the principle of corneal applanation with a defined air puff; detailed
explanation of the measurement principles can be found in Chapter I section 2.4.2.2 (page 38).

3.3.1

CorvisST

The CorvisST (CST) is a NCT combined with an ultra-high-speed Scheimpflug camera, which
captures the response of the cornea to an air puff in a short film sequence with 4330 frames per
second (Hon and Lam, 2013). The device measures the IOP within 0 to 60mmHg with a resolution
of ±0.10mmHg. A novel feature of the CST is that it provides high-resolution cross-sectional
images of the cornea allowing real-time visualisation of the corneal deformation profile. The
integrated software provides metrics of corneal biomechanics however assessment of the
deformation profile through bespoke image analysis provides improved scope for exploring
novel metrics for examining the viscoelastic properties of the cornea.
3.3.1.1

Scheimpflug-imaging

Figure 3-10: Scheimpflug imaging arrangement with object, lens and
image plane intersecting in a straight line, the Scheimpflug line
(Scheimpflug, 1904). (© 2017 Oehring, D)

Scheimpflug imaging differs from conventional imaging methods in that the object plane, lens
plane and the image plane are not parallel, but intersect in a common line. The main advantage
of Scheimpflug imaging is that a large depth of field is achieved, Figure 3-10 (Scheimpflug, 1904).
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This technique is used to obtain optical sections of the whole anterior segment. The CST allows
pachymetry measurements in the range of 200 to 1200μm.
3.3.1.2

Measurement values

The following parameters are automatically measured and calculated by the CST software. Five
hundred seventy-six points are fitted to the anterior and posterior corneal surface of the
Scheimpflug images to evaluate the corneal deformation caused by the air puff. General
outcomes measured by the CST include the IOP and pachymetry. Quality factors and errors are
calculated for assessing the reliability of the parameters, Appendix A-3 (page A-1).
The deformation and deflection: The deformation is defined as the length of the area where the
corneal curvature contains a constant slope, whereas the deflection is the actual length of the
area where the initial curvature and the current curvature differs, Figure 3-11a.

Figure 3-11: Scheme of a) deformation and deflection at an applanation status of the cornea and b) scheme of
length and amplitude at highest concavity; the red line represents the curvature of the cornea a) during the first
applanation and b) during the highest concavatiy; the green line represents the initial curvature at t=0ms
(© 2017 Oehring, D)

Peak distance and delta arc length: The peak distance describes the distance between the two
highest points of the cornea at the anterior surface and the delta arc length describes the
change of the arc length during the deformation in a defined 7mm zone (3.5mm horizontally to
left and right from the corneal apex). The delta arc length refers to the initial arc length of the
corneal surface.
Length and amplitude of deformation: The distance of the indented cornea along the x-axis is
described as the length and the distance along the y-axis as amplitude, Figure 3-11b.

- 56 -

Chapter I: Scientific Background
The applanation length and highest concavity: The applanation length (AL) of the cornea is
defined by the transition from a convex to a concave shape (0.5mm diameter around the apex)
and vice versa. The highest concavity (HC) is defined as the point with the highest deflection
amplitude, Figure 3-12.

Figure 3-12: Overview of the main phases during the CST
measurement; the transparent grey arc is the Scheimpflug image of
the cornea during the measurement (© 2017 Oehring, D)

The deformation area describes the dynamic change of the area, by assessing the area
spanned between the curvature initially and at a given time point.
For each phase of the corneal deformation profile the time, length, velocity, deformation length,
deflection length, deflection amplitude as well as the deflection area and delta arc length are
automatically analysed. During the full measurement sequence, the software creates diagrams
illustrating the deformation and deflection amplitude, whole eye movement, applanation,
deflection and delta arc length, corneal velocity, deflection area, and peak distance, Figure 3-13.
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Figure 3-13: Graphical analysis of the main results measured by means of the CST over time; a) parameter
describing the horizontal length of the deformation: deflection length (green), applanation length (blue), peak
distance (red); b) parameter describing the vertical deformation: deflection amplitude (green), deformations
amplitude (blue), eye movement (yellow); c) corneal velocity of the corneal apex over time; d) delta arc length
over time (© 2017 Oehring, D)

3.3.1.3

Reliability of the measurement method

Due to the relatively recent introduction of the CST, there is a paucity of literature on the
repeatability of this instrument. The repeatability of the CST parameters has been evaluated by
the manufacturers (Oculus, data on file). For this, three consecutive measurements of 103 eyes
(53 subjects) were conducted (Appendix A-3, page A-2). The intrameasurement ICC ranged
between 0.99 to 0.22. The poorest level of agreement was found on maximum deflection
amplitude (ICC 0.22) while pachymetry showed the highest agreement (ICC 0.99). The majority
of ICC values varied between 0.8 and 0.9 and therefore, indicate a strong agreement of the
measurements. In regard to the intraobserver concordance, lowest levels of agreement were
found for deflection length at the second applanation point with a CoV of 18.08%, highest level
of repeatability was found for the time to the second applanation with a CoV of 0.92%. Other
reports of repeatability have found intraexaminer repeatability and intersession reproducibility
to be highest when measuring the central corneal thickness with ICC of 0.96 and CoV of 1.01%
(Hon and Lam, 2013). In contrast to the findings of the manufacturer, Nemeth et al. (2013) could
only find poor to moderate agreement between the measurements in healthy eyes (Nemeth et
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al., 2013). In all of these studies, the CST IOP showed a high reliability (ICC between 0.8 to 0.9,
CoV between 4 to 9%). The standard deviation of the CST IOP is comparable to conventional
GAT, Table 3-3.
Table 3-3: Comparison of GAT and CST IOP in healthy eyes
Age (years)

n

Difference*
(mmHg)

SD-IOP CST
(mmHg)

SD-GAT (mmHg)

(Asaoka et al., 2015)

52.1±23.4

94

-2.2

3.0

3.7

(Hong et al., 2013)

47.8±15.0

56

-0.9

1.6

2.8

(Smedowski et al., 2014)

59.3±19.9

96

+0.548

4.0655

3.7454

(Steinberg et al., 2015b)

Med 57 (IQR
48-68)

66

+0.66

4.2

4.4

*Mean (IOP CST) - Mean (GATIOP)

3.3.1.4

CST biomechanics in healthy eyes

Recently, the number of studies evaluating the CST biomechanics in healthy eyes has grown,
Table 3-4 (Hon and Lam, 2013, Lanza et al., 2015a, Salvetat et al., 2015, Smedowski et al., 2014,
Valbon et al., 2014b).
Table 3-4: Corneal deflection during air puff tonometry (CST) in healthy eyes
(A=Applanation, HC= Highest concavity, V=Velocity of the corneal surface)
(Valbon et al.,
2014b)

(Hon and Lam,
2013)

(Smedowski et
al., 2014)

(Lanza et al.,
2015a)

(Salvetat et al.,
2015)

n

90

37

96

64

79

Age(years)

35.80±12.83

27.1±8.5

59.3±19.9

35.21±11.56

65±12.3

Population

Brazilian

Hong Kong

Poland

Italy

Italy

CCT(µm)

547.5±32.0

551±27.34

556.6±38

553±28.51

553.7±35.2

IOP (mmHg)

16.43±2.15

14.26±1.28

16.11±4.07

16.77±2.31

15.2±2.5

A1 time (ms)

8.32±0.33

7.89±0.21

7.71±0.73

7.36±0.41

7.41±0.40

HC time (ms)

18.38±0.93

17.55±0.36

17.53±0.89

-

16.62±0.45

A2 time (ms)

23.80±0.44

22.54±0.30

21.22±5.12

-

21.41±0.44

A1 length (mm)

2.07±0.38

1.76±0.16

1.74±0.25

1.75±0.27

1.80±0.24

A2 length (mm)

2.37±0.47

1.80±0.35

1.74±0.43

1.91±0.46

1.89±0.47

Deformation
Amplitude (mm)

1.05±0.08

1.08±0.10

-

1.02±0.10

1.04±0.11

V in (m/s)

0.21±0.05

0.12±0.02

0.15±0.04

0.15±0.04

0.14±0.03

V out (m/s)

-0.33±0.07

-0.35±0.05

−0.29±0.10

-0.34±0.08

-0.34±0.07
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In regard to healthy eyes with CCT of approximately 540µm with IOP of approximately
15.8mmHg, harmonic means of the CST parameters are as follows:
×

the 1st Applanation by:

length 1.8mm, time 7.7ms, corneal velocity 0.16m/s,

×

the HC by:

curvature 11.1mm, time 17.3ms, amplitude 1.1mm and,

×

the 2nd A Applanation by: length 1.9mm, time 18.7ms, corneal velocity 0.34m/s.

3.3.1.5

CST biomechanics in pathological eyes

The CST provides the potential to evaluate gross and subtle corneal biomechanical variation
that are likely to occur with surgical and pathological changes. Early reports of the application
of the CST to pathological eyes are encouraging. In a study examining healthy and keratoconic
eyes pre- and post-collagen crosslinking, Lanza et al. (2015) reported significant differences in
the times for A1 and A2. Specifically, the investigators identified that the keratoconic and the
post-crosslinking corneas reached A1 0.42ms earlier and A2 0.40ms later than the healthy eyes.
Additionally, the deformation amplitude at the highest concavity was significantly larger for the
keratoconic eyes (1.12 ± 0.16)mm compared to the healthy eyes (1.02 ± 0.10)mm (Lanza et al.,
2015a).
Wang et al. (2015) compared corneal deformation responses in healthy and open-angle
glaucoma eyes. The study reported significant differences in the time for A1 and A2 as well as
the corneal velocity during A2 (Wang et al., 2015). In POAG the time between the two
applanation phases was 1.95ms shorter, applanation one was reached 0.96ms later and two
0.99ms earlier. The velocity of the cornea during the outward movement was significantly faster
(0.40 ± 0.02)m/s than in healthy eyes (0.28 ± 0.02)m/s. They also conducted a meta-analysis. The
results they found were consistent with the study outcomes.

3.3.2

Ocular Response Analyzer

The Ocular Response Analyzer (ORA; Reichert Technologies Inc., New York, USA) provides a
non-invasive measurement of IOP within the range of 0 to 60mmHg. The device utilises an air
puff of approximately 300m/s for approximately 20ms to applanate the cornea, Figure 3-14. The
tonometer shows a resolution of ±0.10mmHg.
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Figure 3-14: Measurement principle of the ORA; a) The top scheme shows the IR light radiator
and the optical detector that is right angled to the beam, as well as the air puff generator and the
air puff. b) Corneal profile images during the measurement. c) ORA waveform diagram shows
the changes of air pressure (green) and detected IR intensity (red) during the five phases of
measurement over time. (© 2017 Oehring, D)

It is assumed that the ORA determines the IOP independent of the biomechanical properties of
the cornea (Luce, 2005b). During the measurement sequence, the ORA detects the intensity of
the IR light, reflected from the cornea (for further details on the operational principles see
Chapter I section 2.4.2.2, page 38 et seq.). The temporal distribution of the detected IR radiation
results in two distinct maxima, one during the first applanation and the second during the
second applanation. The second applanation occurs after the cornea has reached the highest
concavity and returns to its initial shape. Following a controlled increase in airflow pressure
during the inward deformation, a defined pressure decrease occurs at the end during the
outward phase of the deformation. Thus, the second maximum of the reflected IR radiation is
assumed to be determined under mechanical stress, Figure 3-14. The difference between the
first and the second IR radiation maximum is suggested to characterise the corneal
biomechanical properties. This has been suggested to represent mechanical properties
relating to corneal damping (Luce, 2005b, Vantomme et al., 2013, Luce and Taylor, 2006b, Luce,
2006). However, the supposition that the viscoelasticity of the cornea is involved in this relatively
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fast process of approximately 20ms contradicts previous reports of viscoelastic time constant
of 30s to 2min (Kobayashi et al., 1973a).
3.3.2.1

Measurement values

During the ORA measurement sequence, the intensity of the reflected IR radiation and the
pressure profile of the hydraulic cylinder of the device are recorded automatically.

Figure 3-15: Principe of determining the ORA biomechanics (© 2017 Oehring, D)

This data is then used to create the characteristic ORA waveform which is further analysed,
Figure 3-15 (additional values can be found in Appendix A-3, page A-3). The principal ORA
parameters are the first and second pressure values, corneal hysteresis, corneal resistance
factor, two different measures of IOP and the waveform score.

Pressure 1 and Pressure 2 (P1 & P2): These values are derived from the first and second IR peaks
during the inwards and outward movement of the cornea, respectively.
Corneal Hysteresis (CH): The CH is defined as the difference between P1 and P2, E 3-10. It is
used to characterise the viscous damping of the corneal tissue (Luce, 2005b).
CH = P1 − P2

CH
P1
P2

= Corneal hysteresis (mmHg)
= IOP at inward applanation (mmHg)
= IOP at outward applanation (mmHg)

E 3-10

Corneal resistance factor (CRF): The CRF characterises the overall resistance of the cornea and
is calculated with an empirically derived equation, E 3-11, (Luce, 2006).
CRF = k1 + (P1 − 0.7 ∙ P2) + 𝑘𝑘2

CRF
= Corneal resistance factor (mmHg)
k1 & k2 = Empirical developed constants
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Goldmann-related-IOP (IOPg): The IOPg is the average value of P1 and P2, E 3-12 (Luce, 2005b).
IOPa =

𝑃𝑃1 + 𝑃𝑃2
2

IOPg

= Goldmann-related IOP (mmHg)

E 3-12

Corneal compensated intraocular pressure (IOPcc): The IOPcc is the IOP measurement that is
assumed to be least affected by corneal biomechanical properties compared to other methods
of tonometry, such as Goldmann, E 3-13 (Luce, 2006).
IOP66 = 𝑃𝑃2 − 0.43 ∙ 𝑃𝑃1

IOPcc

= Corneal compensated IOP(mmHg)

E 3-13

Waveform score (WFS): The WFSs a reliability index that is scaled between 0 to 10; with 10 being
the most reliable measurement. The WFS calculated automatically using a complex equation,
which considers five parameters that are derived from the two IR peaks of the waveform,
Figure 3-15. The five parameters are the a and b indices (representing the smoothness of
maximum 1 and 2, as well as the number of times of monotony change), the areas under the
curve for maximum 1 and 2, the aspects 1 and 2 (ratio width/height of the two maximum) as well
as the up slopes 1 and the down slopes 1 and 2 (Vantomme et al., 2013, Luce and Taylor, 2006b).
3.3.2.2

Reliability of the measurement method
Table 3-5: Comparison of GAT and ORA IOPg in healthy eyes. Values are provided as mean (SD).
Age (years)

n

Difference*
(mmHg)

SD-IOPg
(mmHg)

SD-GAT
(mmHg)

(Jorge et al., 2011)

34.9±11.7

92

+0.95

3.47

3.55

(Medeiros and Weinreb, 2006)

54±15

153

-0.1

3.0

3.3

(Ouyang et al., 2012)

33.56±16.62

158

-0.25

2.99

2.77

(Sullivan-Mee et al., 2009)

64.1±9.6

60

+1.1

1.17

0.70

(Wang et al., 2013)

31.5±8.8

26

+1.7

2.8

3.2

*Mean (IOPg) - Mean (GATIOP)

Burkardt (2008) assessed the reliability of the ORA, by performing intraobserver and
interobserver reproducibility measurements. The repeated measurements showed a
coefficient of variation of 10-12%. The level of agreement was also calculated using the
intraclass correlation coefficient (ICC). Within the same measurement series, the intraclass
correlation coefficient (ICC) was 0.731 for CH and 0.881 for CRF; between separate
measurement series, ICC was 0.799 (Burkhardt, 2008). Similar ICCs values of between 0.78 to
0.94 have been reported by other investigators (Moreno-Montanes et al., 2008, Kynigopoulos et
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al., 2008, David et al., 2013). The standard deviation is comparable to conventional GAT (Table 35), but the agreement between GAT IOP and ORA IOPs is limited with a 95%CI for differences
between 16.1 to -0.4mmHg (Medeiros and Weinreb, 2006, Jorge et al., 2011).
3.3.2.3

ORA biomechanics in healthy eyes

On review of the literature, normal values for CH are between 9.5 to 12.5mmHg, and CRF values
are within the range of 9.2 to 11.9mmHg, Table 3-6.
Table 3-6: Corneal biomechanics (ORA) in healthy eyes. Values are provided as mean (SD).
n

Age (years)

CH
(mmHg)

CRF (mmHg)

Sample
country

(Abitbol et al., 2010)

75

61.44±10.6

10.46±1.6

-

France

(Chen et al., 2009)

20

24.1±2.6

11.1±1.1

10.7±1.3

Hong Kong

(Franco and Lira, 2009)

63

33.2±12.2

10.8

10.6

Portugal

(Gonzalez-Meijome et al.,
2008)

58

22.95±3.92

10.7±1.9

11.4±1.5

Portugal

(Kamiya et al., 2009)

204

46.7±19.4

10.1±1.5

10.1±1.6

Japan

(Kaushik et al., 2012)

71

>18

9.5±1.4

9.2±1.5

India

(Kirwan et al., 2006)

42

(4–18)

12.5±1.4

-

Ireland

(Kirwan and O’Keefe, 2008)

84

36±10

10.8

-

Ireland

(Lam et al., 2007)

125

23.1±3.3

10.9±1.5

11.0±1.7

China

(Lim et al., 2008)

271

14.0±0.9

11.8±1.6

11.9±1.7

Singapore

(Lu et al., 2007)

20

19.7±1.1

11.5±1.4

9.6±1.9

China

(del Buey et al., 2009)

207 (eyes)

62.1±18.1

10.7±2.0

10.3±2.0

UK

(Shah et al., 2007)

207 (eyes)

62.1±18.1

10.7±2.0

-

UK

(Shen et al., 2008a)

90

33.7±12.4

11.11±1.49

-

(Song et al., 2008)

1233

14.7±0.8

10.7±1.5

-

China

(Touboul et al., 2008)

122

48.0 (17–80)

10.3

11.1

France

It is unclear why such variation exists between studies, but influences from the diversity of the
subjects assessed, particularly in regards to ethnicity, age, gender and refractive error are likely
to be contributing factors (Abitbol et al., 2010, del Buey et al., 2009, Chen et al., 2009, Franco and
Lira, 2009, Kirwan and O’Keefe, 2008, Shah et al., 2007, Gonzalez-Meijome et al., 2008, Kamiya et
al., 2009, Kaushik et al., 2012, Kirwan et al., 2006, Lam et al., 2007, Lim et al., 2008, Lu et al., 2007,

- 64 -

Chapter I: Scientific Background
Shen et al., 2008b, Song et al., 2008, Touboul et al., 2008). Further discussion on other influencing
factors can be found in Chapter I section 3.3.4 (page 68).
3.3.2.4

ORA biomechanics in pathological eyes

The biomechanical properties of the cornea are known to change following refractive surgery
and with post-surgical oedema (Zare et al., 2016, Roberts, 2016, Hashemi et al., 2016b).
Furthermore, pathological changes associated with keratoconus and diabetes have also been
observed to alter corneal biomechanics (Luce and Taylor, 2006a, Sahin et al., 2009, Shah et al.,
2007, Detry-Morel et al., 2012, Scheler et al., 2012, Pinero et al., 2010, Goldich et al., 2009). On
review of the literature, it can be surmised that any changes that cause variation in corneal
geometry or its microstructure lead to alteration to its mechanical properties, Figure 3-16.

Figure 3-16: Graphical analysis of the ORA biomechanics; the diagram shows the corneal resistance factor (top)
and the corneal hysteresis (bottom) for different eye conditions. The 95% CI of the average was calculated using
the mean value and SD published by the listed studies for each condition (Abitbol et al., 2010, Bechmann et al.,
2000, Cartwright and Anderson, 1988, Detry-Morel et al., 2012, Goldich et al., 2009, Grise-Dulac et al., 2012,
Günenç et al., Lee et al., 2004, Luce and Taylor, 2006a, Mangouritsas et al., 2009, Mansouri et al., 2012, Medeiros
et al., 2013, Pinero et al., 2010, Sahin et al., 2009, Scheler et al., 2012, Shah et al., 2007, Williams et al., 2013). (© 2017
Oehring, D)

In keratoconus, both CRF and the CH values are reduced, Figure 3-16. With increasing severity
of keratoconus CH and CRF decrease further; in mild to severe keratoconus CH reduces by
approximately -1mmHg (Shah et al., 2007) and CRF by -2mmHg (Pinero et al., 2010). Only a small
proportion of this change can be attributed by the decrease in corneal thickness, the
underlining pathogenesis affects the biomechanics in numerous ways. In advanced
keratoconus, scar development can lead to higher CH and CRF (Bao et al., 2017). Rather than
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assessing measures of CH and CRF values in keratoconus, several investigators advocate
examination of the quality of the waveform (Roberts, 2016, Bao et al., 2016a, Bao et al., 2017, Lenk
et al., 2016).
A thin cornea represents an independent risk factor for the development and progression of
glaucoma, (Bechmann et al., 2000). Furthermore, the microstructure of the ocular tissues is
affected by the disease (Abitbol et al., 2010) altering the biomechanical properties of the cornea.
A smaller CH value can be seen as an independent indicator for glaucoma progression. Hence,
high CH values provide a protective factor to prevent the exacerbation of the disease (Iomdina
et al., 2016, Pillunat et al., 2016, Lee et al., 2016b). Thus, patients with ocular hypertension show,
after correction for CT and IOP, a CH and CRF increase (Abitbol et al., 2010). It is well
documented that patients with asymmetric IOP have higher risk to develop glaucoma,
particularly in the ocular hypertensive eye (Cartwright and Anderson, 1988, Lee et al., 2004,
Williams et al., 2013). It is also published that asymmetric CH carries higher glaucoma risk in the
lower CH eye, but the evidence is much weaker regarding this parameter (Medeiros et al., 2013,
Mansouri et al., 2012).

3.3.3

Comparing CST and ORA

The CST and ORA are non-contact tonometers that not only assess corneal biomechanics but
also provide measures of IOP that are compensated for these biomechanical metrics.
Concordance for IOP measures between the two devices appears to be good when healthy
eyes have been assessed, Figure 3-17 (Hon and Lam, 2013, Wang et al., 2013, David et al., 2013,
Kynigopoulos et al., 2008, Moreno-Montanes et al., 2008, Ouyang et al., 2012, Tejwani et al., 2014,
Smedowski et al., 2014, Haustein et al., 2013, Asaoka et al., 2015, Hong et al., 2013).
The primary ORA corneal biomechanics metrics include corneal hysteresis (CH) and corneal
resistance factor (CRF). CH represents the corneal viscoelasticity while the CRF quantifies the
degree of elastic resistance. In contrast to the ORA the CST does not describe the
biomechanical characteristics of the cornea via specific parameters, but rather it analyses the
deflection behaviour of the cornea during deformation. Despite these differences, both devices
evaluate corneal biomechanics, and hence some correlation would be expected between the
outputs provided. However, the literature appears to be ambiguous in this area.
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Figure 3-17: Graphical analysis of the IOP provided by the ORA (blue) and CST (green) by
means of the harmonic mean and SD in healthy eyes (Asaoka et al., 2015, Hon and Lam, 2013,
Hong et al., 2013, Smedowski et al., 2014, David et al., 2013, Kynigopoulos et al., 2008, MorenoMontanes et al., 2008, Ouyang et al., 2012, Wang et al., 2013). (© 2017 Oehring, D)

In a study examining ORA and CST biomechanics in 65 healthy eyes, Haustein and colleagues
failed to identify a significant correlation between ORA derived CH and CST parameters
(Haustein et al., 2013). Furthermore, when ORA and CST waveforms were assessed via spectral
analysis and Fourier transformation Tejwani et al. (2014) reported significant differences
between ORA and CST waveforms (Tejwani et al., 2014). In contrast, Matsuura et al. (2016) found
significant correlations between various ORA and CST measurements; notably, the
investigators observed significant correlations between CH and CST measures of A1 (time and
length), A2 (length and velocity), peak distance, HC and radius. Similarly, CRF was found to be
significantly associated with A1 and A2 (time, length, velocity, deformation amplitude), HC and
radius (Matsuura et al., 2016). Based on their observations Matsuura et al. (2016) provided a
model to calculate CH and CRF means from CST metrics (CH: R2=0.67, p <0.001; CRF: R2=0.73,
p <0.001), E 3-14 and E 3-15:
CH = -76.3 + 4.6 × A1(t) + 1.9 × A2(t) + 3.1 × HC(DA) + 0.016 × CCT

E 3-14

CRF = -53.5 + 4.2 × A1(t) + 1.9 × A1(length) + 20.8 × A1(DA) + 0.8 × A2(t) + 0.017 × CCT

E 3-15

CH
CRF

= Corneal Hysteresis (mmHg)
= Corneal resistance factor (mmHg)

A1/2 (t)
HC(DA)
CCT
A1(length)
A1(DA)

= Time of applanation 1 or 2 (ms)
= Deformation amplitude during highest concavity (mm)
= Corneal thickness (mm)
= Length of first applanation zone (mm)
= Deformation amplitude during first applanation (mm)

3.3.4

Influencing factors of the in vivo biomechanical properties of the AOS

Despite the growing popularity of the ORA and CST, many factors are known to influence the
measures of corneal biomechanics provided by these instruments. Sullivan-Mee et al. (2012)
identified six independent influencing factors on CH, which included age (1), CCT (2), IOP
(dynamic contour tonometry) (3), glycol haemoglobin HbA1c (4), glaucoma diagnosis (5) and
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severity of glaucoma (6), diagnosis and severity included cup-disc ratio, the thickness of the
retinal nerve fibre layer as well as the mean and pattern standard deviation of static perimetry.
In comparison to the other factors, IOP and CCT were found to have a greater effect on CH.
Even if six influencing factors were identified, only 40% of the variability of CH could be
explained by them. The researchers suggested that there must be something else which affects
CH significantly (Sullivan-Mee et al., 2012).
Leung et al. (2013) reported significant association between the magnitude of corneal
deformation amplitude and IOP, CCT and age. The study found higher IOP, greater CCT, and
younger age to result in smaller waveform amplitudes (Leung et al., 2013). In support of the
Sullivan-Mee et al. (2012) report, Leung and colleagues also observed the identified factors to
account for only 33% of the variability in deformation amplitude (Leung et al., 2013, Sullivan-Mee
et al., 2012).
3.3.4.1

Diurnal variation

IOPs tend to be higher during the morning and decrease in the late afternoon and evening
(Drance, 1960b, Syam et al., 2005). There is some evidence to suggest that corneal thickness and
in turn corneal biomechanics also shows diurnal variation (Luce, 2005b, Kida et al., 2006, Shen et
al., 2008b, Laiquzzaman et al., 2006). Despite this supposition the literature fails to identify diurnal
variation in CH (Kida et al., 2006, Laiquzzaman et al., 2006, Shen et al., 2008b) but nevertheless
when comparing values, intraindividual measurements should be taken around the same time
of day (Luce, 2005b).
3.3.4.2

Tear film

Based on the working principle of ORA to derive the IOP and biomechanical properties from IR
reflection, the tear film has a significant influence on the measurement. Therefore, a single
measurement should occur relatively quickly within 20s; if the tear film changes so does the
reflection of the IR radiation. A dry cornea returns to high CH values (Kirwan et al., 2006).
3.3.4.3

Corneal thickness and IOP

Corneal thickness has been observed to have a significant positive correlation with CH and CRF.
Such a relationship may be explained by assuming that a greater CT would reflected higher
- 68 -

Chapter I: Scientific Background
levels of collagen fibres and ground substance, which subsequently would reflect as higher CH
and CRF values (Lu et al., 2007, Chen et al., 2008, Kamiya et al., 2008, Schroeder et al., 2008, Shah
et al., 2006). The independence of CH from IOP reported by Luce (2005) has not be confirmed
by other studies. It has been reported, that an increasing IOP is resulting in lower CH (Kamiya
et al., 2008, Touboul et al., 2008). It is not clear how IOP affects corneal biomechanics, but it may
be surmised that a higher IOP would result in a cornea that is stretched and thus on
deformation, the cornea returns to its original shape faster when compared to an eye will lower
IOP and hence a more relaxed cornea. In contrast, the CRF has been found to increase with IOP;
i.e. the resistance against deformation of the cornea is higher (Kamiya et al., 2008, Touboul et
al., 2008).
The strong relationship between CH and CRF is also explained by the nature of these two
parameters (Lu et al., 2007, Chen et al., 2008, Kamiya et al., 2008, Schroeder et al., 2008, Shah et
al., 2006). Both are calculated using the pressure values derived from the ORA waveform. Based
on the algorithm for CH and CRF, E 3-10 and E 3-11 (page 62), the correlation with IOP is
mandatory but not linear. CH corresponds positively and CRF negatively with IOP, based on the
origin of the algorithm. Since dynamic contour tonometer (DCT) IOP and GAT IOP have been
found to have a high level of agreement with IOPcc, CH and CRF cannot be independent of IOP
(Wang et al., 2013).
Due to the large body of evidence showing the dependence of CH and CRF on IOP and CT,
correction for these biometry factors are provided to be taken into account to isolate true
measures of corneal biomechanics, E 3-16, E 3-17 (Terai et al., 2012b).
CHdef = CH − 0.2mmHg ∙ (18mmHg − IOPii ) + 0.02mmHg ∙ (540mm − CT)
(R2=0.382, p=0.001)

E 3-16

CRFdef = CRF + 0.1mmHg ∙ (18mmHg − IOPii ) + 0.02mmHg ∙ (540mm − CT)
(R2=0.370, p=0.003)

E 3-17

CHCor
CH
CRFCor
CRF
IOPcc
CT

= Corrected corneal Hysteresis (mmHg)
= Corneal Hysteresis (mmHg)
= Corrected corneal resistance factor (mmHg)
= Corneal resistance factor (mmHg)
= Corneal compensated intraocular pressure (mmHg)
= Corneal thickness (mm)

To minimise the effect of CCT and age on measures of IOP via the CST, Joda et al. (2015)
introduced a correction equation, E 3-18 (Joda et al., 2015). The validation of the corrected IOP
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was done retrospectively in 317 healthy eyes. The correlation between CST IOP and CCT was
found to be small in this cohort (R2=0.204) and even less between the corrected CST IOP and
CCT (R2=0.004) (Elsheikh et al., 2015).
CST IOPdef = (CddlU ∙ Cdml nop + Cddl[ ) ∙ Cqrs
With:
CddlU = 4.67 ∙ 10uv ∙ CCT [ − 7.8 ∙ 10uS ∙ CCT + 0.63
Cddl[ = −1.73 ∙ 10uw ∙ CCT [ + 2.02 ∙ 10uZ ∙ CCT − 0.97
Cqrs = −2.01 ∙ 10uw ∙ age[ + 1.3 ∙ 10uZ ∙ age + 1.00
C
= Constant
CCT
= Central corneal thickness (mm)
CST IOP
= IOP with CorvisST tonometry (mmHg)
Age
= Age of the patient (years)

3.3.4.4

E 3-18

Corneal curvature

Corneal curvature has also been found to effect CH and CRF; flatter corneas are associated
with lower CH and CRF. If the radius of central corneal curvature increases by 1mm CH then
decreases by 1.28mmHg and CRF by 1.08mmHg (Lim et al., 2008).
3.3.4.5

Refractive error & axial length

An increased axial length is associated with flatter corneal curvature, thinner corneas as well as
thinner scleral walls and thinner choroidal structure (Chang et al., 2001). Based on the fact, that
the biomechanical properties are dependent on the tissue thickness, it would be expected, that
eyes with higher axial lengths have lower CH. In support of this theory, a study examining
corneal biomechanics in myopic children and reported CH to decrease by 1mmHg for every
0.51mm increase in axial length (Chang et al., 2010). Moreover, several studies have observed a
significant negative correlation between CH and myopia (Jiang et al., 2011, Plakitsi et al., 2011,
Shen et al., 2008a, Xu et al., 2010). Myopic eyes with small refractive error show higher CH and
lower CRF than eyes with higher degrees of myopia. Regarding CH, the same trend was found
in hyperopic eyes; the higher the degree of hyperopia the higher CH (Bueno-Gimeno et al.,
2014). Investigators have also noted that hyperopic eyes have significantly higher CH values
than myopics, whereas CRF was not statistically different between the refractive groups
(Bueno-Gimeno et al., 2014, Roberts et al., 2014).
3.3.4.6

Age, gender, and race

The biomechanical properties of the cornea change with age. The corneal strength and the EModulus increase due to age-related crosslinks between collagen fibres (Derby and Akhtar,
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2014). Furthermore, corneal collagen fibrils show a small but constant increase in diameter,
intermolecular space and the elongation with age (Diamant et al., 1972). A gradual loss of the
viscous ground substance also occurs during aging which is thought to results in lower CH
(Chen et al., 2008, Dave et al., 2007, Kida et al., 2006, Moreno-Montanes et al., 2008) and thinner
CCT (Lee et al., 2007). These changes are a consequence of normal physiological ageing of the
corneal tissue and must be distinguished from pathological changes. A reduction of CH of
approximately -0.25mmHg and CRF -0.29mmHg per decade has been reported (Kotecha, 2007,
Terai et al., 2012b). Based on this age dependency, it is suggested that CH and CRF characterise
the biomechanical attributes of the ground substance and not the collagen. Valbon et al. (2013)
noted that with each increase in a decade of age highest concavity was reached approximately
one millisecond later.
Due to date, there is a paucity of studies examining the relationship between gender and
corneal biomechanics. Since CT and corneal topography was found to vary slightly between
genders (Rufer et al., 2005b, Yasuda et al., 2003, Adler et al., 2011, Krachmer et al., 2004, Martola
and Baum, 1968, Fares et al., 2012), it is likely that biomechanical properties also differ between
male and female healthy humans. Female have slightly higher CH and CRF values throughout
the life than males, 0.20mmHg in CRF and 0.29mmHg in CH (Foster et al., 2011).
Various studies have reported ethnicity to affect ORA metrics (Aghaian et al., 2004, Brandt et al.,
2001, Detry-Morel et al., 2012, Kniestedt et al., 2006, Haseltine et al., 2012, Leite et al., 2010,
Sullivan-Mee et al., 2008). Leite et al. (2010) observed significantly lower CH and CRF in healthy
black Afro-Caribbean eyes compared to white Caucasian subjects, but when these results were
compensated for CCT and age, the differences were non-significant (Leite et al., 2010).
Equivalent results were found by Haseltine et al. (2012) where eyes from black patients had
significantly lower CH than other ethnical groups, were independent of CCT (Haseltine et al.,
2012).
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4

Research question and purpose of the thesis

As shown in Chapter I, a large body of literature demonstrates the importance of ocular
biomechanics in maintaining the physiological functioning of the eye. The magnitude and
variation of ocular biomechanics are relevant to the deeper understanding of the development
of refractive error and ocular pathologies such as glaucoma, keratoconus or the success in
refractive surgery. Although significant, the greater understanding of in vivo biomechanical
properties is still outstanding, as the investigation techniques for in vivo assessment were
limited. Based on this, the global aim defined for the present thesis was as followed:
Global aim
To explore and describe in vivo ocular biomechanical properties and their distribution and
intraindividual heterogeneity in healthy human adults as well as the investigation of associating
factors, such as ocular biometry and demographic factors.

Since the thesis aimed to explore in vivo ocular biomechanics, the characteristics obtained
were limited to the corneal area. Two devices are currently available claiming to assess the
corneal biomechanical properties (ORA; Chapter I section 3.3.2, page 60 et seq.) or to evaluate
the dynamic corneal response to the application of an air puff (CST; Chapter I section 3.3.1, page
55 et seq.). Both devices are used in clinical environments and for diagnostic purposes. Hetero,
metrics provided by the two methods are not fully understood and also, their association to
structural – intrinsic – material properties are unknown. Furthermore, to characterise
mechanical properties of tissue, the affecting force – the force needed to stretch the corneal
tissue in the corneal plane – needs to be described. For both devices, the knowledge about the
airflow pressure characteristics – spatial and temporal – was insufficient. Thus, in order to fulfil
the overall aim of the thesis, four distinct research aims (aim 1 to 4) were defined. To reach the
aims, particular attention was paid to a rigorous study design, as well as the evaluation of the
reliability of the individual methods, since there are currently no comparison methods.
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Research aims:
Aim 1: To evaluate current methods for examining in vivo corneal biomechanics using NCT
×

Chapter III section 6 (page 83): Two-dimensional shape characteristics of the CST air puff

×

Chapter III section 7 (page 92): Analyses and evaluation of the NCT air puff pressure flow

×

Chapter III section 8 (page 137): Globe movement during an air puff measurement

×

Chapter VI section 13 (page 314): In vivo corneal biomechanics of human eyes

Aim2: To introduce novel methods and characterisitcs to investigate human corneal
biomechanics in vivo.
×

Chapter III section 9 (page 169): Novel ocular biomechanical parameter

×

Chapter IV section 10 (page 194): Ex vivo evaluation of corneal biomechanics in porcine
eyes

Aim 3: To evaluate intraindividual heterogeneity of corneal biomechanic properties in vivo.
×

Chapter V section 11 (page 229): Experimental developments for assessing the regional
variation of ocular biomechanics in vivo

×

Chapter VI section 13 (page 314): In vivo corneal biomechanics of human eyes

Aim 4: To provide a normative dataset of corneal biomechanical properties in healthy human
adults and assess their assosiation with ocular biometry and demographical factors.
×

Chapter V section 12 (page 251: Ocular biometry

×

Chapter VI section 13 (page 314): In vivo corneal biomechanics of human eyes
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5

Statistical analysis

The statistical data analyses were performed using the programs MatLab 2015b – 2017b (The
MathWorks, Inc.), Microsoft Excel 2011 - 2016 for Mac (Microsoft), Minitab 16 and 17 (Minitab
Inc.), R-Studio V1.0412 (R-Tools Technology Inc.), Statistica century 16 (StatSoft) and SPSS
Statistics 21 - 23 (IBM).
The statistical methods were chosen to facilitate comparison with other studies and to provide
a database for planning further studies. All tests used are considered to be standard in
biostatistics. Since the thesis followed an exploratory approach, the hypotheses were
formulated in advance only vaguely linked to the global research question.
The data analyses were conducted following a set protocol, if not stated differently within the
respective Chapter, Figure 5-1. Due to the nature of the study design, it was necessary to
choose a procedure for alpha-adjustment to minimise type I error, no attempts were made to
control type II error, although Post hoc power analyses were conducted to estimate the validity
of the statistical results. For this reason, an alpha error of 0.05 and a beta error of 0.2 was
accepted. The false discovery rate was defined at 5%. General considerations, which apply for
the complete thesis, unless otherwise stated, were:
×

p-Values < 0.0005 are reported as p=0.000.

×

All results with statistical significance, exclusively marked as significant, labelling
"statistically" will be cancelled for reasons of repetition.

×

Parameters and residuals were normally distributed tested by means of D‘Agostino &
Pearson normality test p>0.050.

×

No outliers were found in the respective sample.

×

Variances were homogeneous tested by means of Levene's test p>0.050.

×

Post hoc test was conducted for all significant ANOVA results using FDR two-stage linear
step-up procedure of Benjamini, Krieger and Yekutieli.

×

If applicable, only adjusted p-values are reported.

×

In the case of missing values due to unequal sample sizes within groups, a mixed-design
method was chosen (ANOVA).
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Three-way mixed, two-way ANOVA and ordinary as well as repeated measure one-way ANOVAs
were conducted to understand the effect between meridians and/or zones (within-subject
factors) and for inter-eye comparison and between gender or ethnicity (between-subject
factors) on ocular biometrical characteristics. The partial eta effect size was used to calculate
Cohen’s f for each significant interaction (reported as f). Using Cohen's f, the obtained effect
size corresponds to f≤0.1 small effect, 0.1<f≤0.25 moderate effect and f≥0.25 strong effect
(Cohen, 1988).
If the assumption of homogeneity of variances was violated, as assessed by Levene's test for
equality of variances (p>0.050) for mixed ANOVAS. The ratio between the largest and smallest
group variance had to be smaller or equal than three that no data transformation was necessary
to conduct a mixed ANOVA (Montgomery, 2000).
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Figure 5-1: Decision tree for data analyses (© 2017 Oehring, D)
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5.1

Data processing

The data set of the in vivo human eye characteristic (Chapter V section 13, page 314 et seq.) was
divided into two groups before the analyses to ensure statistical independence within the
samples. For this, one eye of each subject was chosen randomly and allocated to one of the
two samples. Thus, each subject was only one time represented in each sample. Randomisation
was set to ensure equal numbers of OD and OS in each group (1:1). For each analysis requiring
independent samples, the first sample was used to derive probabilities and effect sizes. The
second sample was used to verify the results. In none of the analyses conducted a significantly
different result was obtained.
Normalisation was used to compare the regional variation of assessed parameters across the
cornea. For this, the central values were subtracted from the non-central values, E 5-1.
𝑥𝑥(𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) = 𝑥𝑥 − 𝑥𝑥(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

E 5-1

Standardisation was applied to compare different parameters with either various units or
magnitudes, by using E 5-2. Before standardisation was conducted, the data were tested for
outliers and outliers were removed if necessary and stated in the analyses.
𝑥𝑥′ =

𝑥𝑥 − 𝑚𝑚𝑚𝑚𝑚𝑚(𝑥𝑥)
𝑚𝑚𝑚𝑚𝑚𝑚(𝑥𝑥) − 𝑚𝑚𝑚𝑚𝑚𝑚(𝑥𝑥)

5.2

E 5-2

Correlation analysis

The correlations between various parameters were determined using correlation coefficient.
The correlation was analysed considering the scale of the data, Table 5-1 (Jewell, 2003, Rao et
al., 2007).
Table 5-1: Overview of the correlation analysis, the determined correlations and the amount of context
Scale

Correlation coefficient(r)

Correlation

Level of correlation

Metrical

Pearson

Linearity

0.0 ≤ |r| ≤ 0.5 marginal

Ordinal

Spearman’s-Rho

Monotony

0.5 < |r| ≤ 0.7 medium
0.7 < |r| ≤ 0.9 high
0.9 < |r| ≤ 1.0 very high
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Standardised testing was used for variables that have equal sample sizes, not standardised at
different sample sizes. As a null hypothesis, the same coefficient in the population was required.
A correlation was adopted at a statistical significance of the correlation coefficient of p≤0.05. In
general, causality testing was not conducted.
To analyse the association between parameters and to estimate the impact of predictors on
specific characteristics, multiple linear regression analysis was conducted. Predictors were
chosen based on theoretical assumptions and needed to correlate at maximum low between
each other (|r|>0.2). Only models with a non-significant Lack of fit test (p>0.050), approximately
no autocorrelation (Durbin-Watson 2 ± 0.2), homoscedasticity of residuals are provided. For
verification purposes, the respective model was used to calculate the respective parameter in
the second sample and then the calculated value compares to the second dataset. Provided
adj. R2 were derived from the verification process. If there were missing data in the second
dataset, to prevent unequal sample sizes, the predicted R2 is provided. The predicted R2 were
calculated using R PRESS statistics.

5.3

Cluster analysis

One aim of the study was to group the sample population according to the ocular biometry and
biomechanical results. For this two approaches were tried and the most appropriate used for
the final result. For both methods, the most appropriate cluster method was used based on the
distribution within the study population and is stated for each cluster analysis in the respective
Chapter. Due to different units between the parameters, all values were standardised using the
individual sample population average and SD. The number of clusters was decided based on
visual evaluation of the dendrogram and the agglomeration distance plot.
Parameters with the highest SD were used for categorization as these are the most diverse
characteristics within the sample population. All considered parameters were ranked
according to the 1.96SD, and the highest 10% were included in the analysis.
Only the parameters with low levels of collinearity were included in the cluster analyses.
Collinearity included comparisons for inter-eye differences and between gender, ethnicity and
between biometrical and biomechanical characteristics comparisons.
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5.4

Method comparison and reliability analysis

Data analyses included the comparison between different methods, investigators and
consecutive measurements. The evaluation was performed according to the method validation
of CLSI guidelines (CLSI, 1999) and included the accuracy, intra- and interseriell precision as
well as the reliability, Figure 5-2. To compare the methods, a regression analysis was conducted
according to the Passing-Bablok or Bland-Altmann procedures (Passing and Bablok, 1983). The
decision which procedure was used was based on the distribution of the parameters, sample
size and expected effect size.

Figure 5-2: Schematic of the relationship between the
characteristics used to describe the quality of an examination
method (x/y=true values, µ= population mean, d/s=noncentrality).
(© 2017 Oehring, D)

The accuracy was defined as the accordance between individual measurement and the series
mean per subject (independent of direction) and was calculated from the accuracy coefficient,
E 5-3. The accuracy was, therefore, a measure of the deviation due to a systematic error. The
smaller the accuracy coefficient, the higher the accuracy of the measurement. For better
comparison between different methods or parameters with different units, the accuracy
coefficient was calculated relative to the references mean.
Accuracy coefficient = |xè − xêsë |

xi
xRef

= Single value
= Average

E 5-3

Precision was defined as the measure of accordance between independent test results
obtained under controlled conditions. The intraobserver (-session or -method) precision was
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determined using the simple standard deviation and the coefficient of variation (CoV) or if not
normally distributed the interquartile range (IQR). The higher the respective range, the lower
the precision. The CoV should not exceed 10% (Group et al., 2000, Gleser, 1998). Also, the
interobserver (-session or -method) precision was determined using the precision coefficient,
E 5-4. The value varies between 0 and 1. The higher the coefficient, the higher the precision.
Thus, the precision describes the random error of measured values.
xè − xêsë
Precision = ì
ì
xêsë

xi
xRef

= Single value
= Average

E 5-4

Reliability was determined by the Pearson's correlation coefficient. But as correlation
coefficients are always high and therefore not suitable alone when comparing measurement
series to prove the quality of a measurement method, the Intraclass Correlation Coefficient
(ICC) was determined (Becker, 2000, Fleiss and Cohen, 1973). The ICC is a general evaluation of
the consistency of measurement series based on a continuous and normally distributed
sample. The ICC determines the correspondence between two or more series of
measurements on a subject or specimen. The advantage over the correlation coefficient was
that the scale level of the value was considered and that the agreement could be determined
by more than two repeated measures. Since each subject was assessed by each method/
observer or an equal number of measurement series were conducted, and the
methods/observers were defined before the data collection, the adjusted ICC for average
measures (ICC[3k]) was used. Concordance has been accepted if the variance was not
significantly greater than the residual error. The ICC varied between 0 and 1, where 1 represents
a perfect accordance with all measurements and 0 no accordance, Table 5-2. In addition to the
ICC, Cronbach's alpha was calculated as a quality criterion of the ICC. Cronbach's alpha
described the relative degree of compliance and varied between 0 and 1, Table 5-2.
Table 5-2: Overview of the correlation analysis, the determined correlations and the amount of context
(Landis and Koch, 1977, Tavakol and Dennick, 2011).
Interpretation ICC(3,k)

Interpretation Cronbach's alpha

ICC ≤ 0.2 poor agreement
0.2 < ICC ≤ 0.4
low agreement
0.4 < ICC ≤ 0.6
moderate agreement
0.6 < ICC ≤ 0.8
strong agreement
0.8 < ICC ≤ 1.0
(almost) perfect agreement

a ≤ 0.5
0.5 < a ≤ 0.6
0.6 < a ≤ 0.8
0.8 < a ≤ 0.9
0.9 < a ≤ 1.0
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unacceptable compliance
moderate compliance
acceptable compliance
good compliance
excellent compliance
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Analyses of the measurement
system

Chapter III: System Analysis

6

Two-dimensional shape characteristics of the CST air puff

Purpose: The aim of this experiment was to evaluate the two-dimensional spatial characteristics
of the CorvisST (CST) air puff at the corneal plane and to examine the repeatability of its
geometric dimensions.
Method: Calcium alginate was utilised as an impression material to capture the air puff
indentation crater. The calcium alginate modelling paste was placed orthogonally 11mm from
the tonometer nozzle, and the CST air puff was triggered manually. The height and width of the
resultant indentation crater were then measured to infer the 2D characteristics of the air puff.
One hundred imprints were analysed.
Results: The radius (mean ± SD) of the indentation crater along the major axis was
(1.6 ± 0.08)mm and (1.5 ± 0.08)mm along the minor axis, with a 95%CI of 1.5 to 1.6mm and 1.4 to
1.5mm, respectively. The coefficients of variation for the major and minor axis were 4.99% and
6.09%, respectively. Both parameters displayed a non-normal distribution (D'Agostino &
Pearson omnibus normality test; major axis: p=0.046, skewness=-0.525, kurtosis=-0.513; minor
axis: p=0.000, skewness=0.140, kurtosis=-1.176). The major and minor axes were significantly
different (Wilcoxon rank-sum test, p=0.000) with a median difference of -0.21mm with a 95%CI of
-0.23 to -0.17mm. Both axes correlated significantly (correlation, r=0.591, p=0.000). The air puff
crater had an elliptical profile with the following dimensions: eccentricity 0.06 ± 0.096 (95%CI:
0.02 to 0.10), area (7.3 ± 0.75)mm2 (95%CI: 6.9 to 0.37mm2) and circumference (9.6 ± 0.51)mm
(95%CI 9.3 to 9.9mm).
Conclusion: It is possible to use calcium alginate to produce 2D impressions of the CST air puff
at the plane of the cornea. The geometric dimension of the air puff generated by the CST has
an elliptic shape and is highly repeatable.

Keywords: Air puff • CorvisST • Physical dimension of jet stream • Calcium alginate •
Repeatability of tonometer • Air puff measurement
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6.1

Introduction

In clinical practice, non-invasive methods of measuring IOPs are vital. All methods of tonometry
provide an inferred measure of IOP as the biomechanical properties of the eye affect the IOP
measurements (Draeger, 2008). In general, tonometers can be categorised as static
(equilibration) or dynamic (time-variable). Since the development of the first non-contact
tonometer (NCT) in 1972, the basic concept upon which NCTs operate has remained unchanged
(Grolman, 1972). Non-contact tonometry is a non-invasive, discontinuous and dynamic method
of measuring the IOP. The working principle of non-contact tonometry is fundamentally based
on the supposition that corneal deformation occurs when an air puff of specific, reproducible
physical characteristics applanates the cornea. On review of the literature, it is notable that
there is a significant lack of evidence on the characteristics of the air puff that is fundamental to
not only determining IOP measurements but also corneal biomechanical properties. Whereas
the technical attributes of the different tonometric methods and the effects of biomechanical
influencing factors on IOP are widely examined (Chapter I section 2.4.2, page 35 et seq.), little is
known about the rheology of the tonometric air puff (Kling et al., 2014, Kling and Marcos, 2013,
Weber, 2008). To infer the physical characteristics of the NCT air puff, the present investigation
will examine the impact crater that results from following the application of the air puff to a
malleable model material. Since assessment of the deformation crater of the cornea is
technically challenging, the present investigation assesses the deformation profile of the air
puff imprint in calcium alginate. Calcium alginate is widely used in wound dressing (Barnett and
Varley, 1987) and dental practice (Cook, 1986). The experimental study investigates the physical
dimensions of the indentation crater created by the CorvisST (CST) air puff to infer the shape,
height and width of the air puff at the corneal plane.

6.2
6.2.1

Methods
Calcium alginate

Alginates are irreversible hardening elastic impression materials that are made from seaweed
and supplied in powder form (Lee and Mooney, 2012, McHugh, 1987). In the presence of divalent
metal ions (Ca2+) in an aqueous solution, previously single-chain water-soluble alginate
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macromolecules start cross-linking forming water-insoluble calcium alginate. Alginate powder
contains sodium or potassium salts of alginic acid, calcium sulphate and sodium phosphate.
The largest constituent of the powder is inorganic fillers (e.g. talc, zinc oxide), which determine
the flowability of the mixture and the strength of the solid alginate.
When the alginate powder is mixed with water, the reaction proceeds rapidly but retarders
within the powder allow sufficient processing time. Retarders such as sodium phosphate
(Na3PO4) first intercept with calcium ions (Ca2+) released from calcium sulphate (CaSO4) and
convert them to soluble calcium phosphate. The setting reaction of the alginate commences
when the retarder is completely consumed (Schulzen, 1962). Alginate is available in two forms;
fast-setting and normal setting alginate. As with all chemical reactions, the setting rate of the
alginate is significantly influenced by the temperature; the reaction can be delayed or
accelerated with the use of cold and warm water, respectively (Schulzen, 1962). The main
properties of calcium alginate can be described by its fluidity, reproduction and shrinking
behaviour (Schulzen, 1962).
Fluidity: The fluidity i.e. the viscosity of the alginate mixture is strongly influenced by the water
content.
Reproduction: The accuracy of the reproduction of details in the alginate impression is
determined by both the particle size of the fillers and the polymeric macromolecules. The
resolution, to which the alginate reproduces fine detail structures, is approximately 50μm
(according to EN 21563).
Shrinking behaviour: The water between the macromolecules of the alginate impression is
loosely bound. Depending on whether the final impression is stored in moist or dry environment
determines if water is absorbed or released. Consequently, this leads to shrinkage or swelling
of the alginate and subsequent to dimensional changes.

6.2.2

Preparation of the calcium alginate and capturing the CST air puff imprint

Fast-setting calcium alginate (Italgin, Chromatin Alginate, BMS DENTAL S.r.l., Italy) was used in
this study to capture the shape of the CST air puff. The impression material was produced by
measuring various quantities of powder in a 0.20L plastic beaker.
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A 20ml syringe was used to measure and add the designated volume of water. The temperature
of the water ranged from 17.4 to 19.8°C and was measured with a domestic thermometer
(LA_SB1830, Lantelme, Germany). The water and powder were mixed in the plastic beaker until
a creamy consistency was reached. To determine the optimal processing time 68 samples were
systematically examined with a range of calcium alginate to water content ratios at different
water temperatures (Appendix A-6, Table A-6.1, page A-5). Through various trials optimal results
were achieved when using a calcium alginate: water ratio of 2.3g:10ml at a water temperature
of (18.1 ± 1.93)°C. The probe was placed orthogonally to the air puff nozzle at a distance of
11mm, 2min 10sec after adding the water. When the sample was placed in front of the device,
the air puff was initiated manually. Due to the relatively fast setting time, the calcium alginate
would start to set after the air puff indentation had taken place. The mean setting time was found
to be 2min 13sec after adding water. To avoid errors caused by shrinking or swelling, the
impression cast was placed under the microscope immediately after indentation.

6.2.3

Custom-designed microscope

Figure 6-1: Magnified imaging: a) Self-build microscope from the side and b) from the top; b) Shape of the air
puff indentation using different illumination techniques (from left): illumination from above; from below and
diffuse surrounding illumination. (© 2017 Oehring, D)
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A low-cost microscope was built to accurately measure the dimensions of the air puff
impression cast, Figure 6-1a. An iPhone 5s was used as a digital camera to capture the image of
the impression, Figure 6-1b.
To ensure the samples were examined under consistent lightening, a LED click light was placed
below the sample holder. A 60D Volk lens was used to magnify the image, and the distance
between the sample and lens as well as the distance between lens and camera could be
adjusted manually, to ensure that the sample surface was in focus, Figure 6-1.

6.2.4

Air puff imprint samples

The described method was repeated until 100 high-quality samples were produced. In total 298
samples were examined. However, 198 were excluded due to poor definition of the air puff
imprint resulting from i.e. setting before the air puff was initiated (38%), the calcium alginate
mixture being too liquid (19%), crater opening was altered due to upwards squeeze of alginate
material (40%) or other reasons (3%). The 100 samples included were captured and image
processed as described below.

6.2.5

Image processing of the CST air puff impression cast

The impression cast of the air puff was captured using an iPhone 5s. The images were imported
into PowerPoint for Mac 2011 (Microsoft Corporation, USA) and an ellipse was manually fitted
to the edges of the indentation crater, Figure 6-2.
By capturing an image of a millimetre scale ruler, a magnification scaling factor could be
determined for correcting the dimensions of the indentation impression. Subsequently, the
length and width of the two main axes of the ellipse were recorded from which the linear and
numerical3 eccentricity, circumference and area were calculated, E 6-1 to E 6-4. The images of
the samples were measured three times, and the resulting mean was used as sample value for
further analysis.
e = îa[ − b [
√a[ − b [
eñóò =
a
A = π∙a∙b

a
b
e
enum
A

= Major axis (mm)
= Minor axis (mm)
= Linear eccentricity (mm)
= Numeric eccentricity
= Area (mm2)

E 6-1
E 6-2
E 6-3

3
The linear eccentricity describes the distance between the centre and either of the two focal points of an ellipse. The
numerical eccentricity is defined by the ratio between linear eccentricity to the major axis a.
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⎡ 1 + 3 ûa − b ü
⎤
a
+
b
⎥
C = π ∙ (a + b) ∙ ⎢
[⎥
⎢
a
−
b
†
⎣10 + 4 − 3 ûa + bü ⎦

C

= Circumference (mm)

E 6-4

Figure 6-2: Dimension of the air puff imprint in two different
samples the left image (a) shows the original image for each
sample and the right the fitted ellipse (b) (© 2017 Oehring, D)

6.3

Results

The radius (mean ± SD) of the indentation crater along the major axis was (1.6 ± 0.08)mm and
(1.5 ± 0.08)mm along the minor axis, Table 6-1. For further analysis, the diameter of the ellipsoid
grater is used, which is calculated by double the radius.
The smallest imprint was found to have an area of 5.4mm2 and the largest 8.2mm2, Figure 6-3a
and b. Moreover, the ellipticity of the imprint varied; 94% of the imprints were elliptic, and 6%
were circular. The highest eccentricity was found to be 0.47, Figure 6-3c.
Table 6-1: Descriptive analysis of the indentation crater caused by the air puff of CST (n=100)
Mean (SD)

Median

95%CI

Max

Min

Major axis radius a (mm)

1.6 (0.08)

1.6

0.04

1.7

1.4

Minor axis radius b(mm)

1.5 (0.08)

1.5

0.04

1.6

1.3

Linear eccentricity (mm)

0.6 (0.13)

0.6

0.06

0.8

0.3

Numeric eccentricity

0.06 (0.096)

0.04

0.042

0.47

0.02

2

Area (mm )

7.3 (0.75)

7.5

0.33

8.2

5.4

Circumference (mm)

9.6 (0.51)

9.7

0.22

10.1

8.3
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Figure 6-3: Schematic of the most extreme imprint samples (grey area) with the mean shape
(straight line represents the average and the dotted lines the 95%CI): a) smallest imprint
(k=77), b) largest imprint (k=41) and c) most elliptic imprint (k=62).

Figure 6-4: Graphical analysis of the dimension of the air puff indentation: a) diameter (twice the
radius) of major axis (blue) and minor axis (green) per probe, the straight line represent the mean
and surrounding dotted lines the 95%CI; b) Scatter plot of the diameter of the major and minor axis
diameter with the linear regression line and the 95%CI; c) Schematic of the determined 2D
dimension of the indentation crater: the central line represents the mean arc and the dotted lines
the 95%CI interval.

Both parameters exhibited a non-normal distribution (major axis: p=0.046, skewness=-0.525,
kurtosis=-0.513; minor axis: p=0.000, skewness=0.140, kurtosis=-1.176). The coefficient of
variation for the major and minor axis were 4.99% and 6.09%, respectively. The major and minor
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axis were significantly different (p=0.000) with a median difference (minor vs. major) of -0.21mm
(95%CI: -0.23 to -0.17mm), Figure 6-4a.
Both axes correlated significantly (r=0.591 with p=0.000), Figure 6-4b. The average air puff crater
shape exhibited an elliptical conformation with a numeric eccentricity of 0.06 ± 0.096 (95%CI:
0.02 to 0.10), Figure 6-4c.

6.4

Discussion and conclusion

The present investigation demonstrated that when applied to calcium alginate, the CST air puff
produces an impression crater with a repeatable geometric configuration. Assessing the
physical characteristics of the air puff on the cornea is technologically challenging, hence this
study provides an indication of the repeatability of the 2D impact crater produced by the CST
air puff. Due to the innate differences in the material properties of calcium alginate and corneal
tissue, the results from the study cannot be directly applied to the cornea. However, it could be
justifiably inferred that the pressure and the resultant impact of the air puff are highly
repeatable. The study also provides the foundations for assessing the temporal and spatial
characteristics of the air puff pressure across the impact zone (Chapter III section 7, page 92 et
seq.).
When examining the effects of the tonometric air puff on the cornea, investigators assume that
the spatial configuration of the impact crater is circular with a radius of 3mm (diameter 6mm)
(Joda et al., 2016, Luce, 2005a, Elsheikh et al., 2009, Ariza-Gracia et al., 2015). In contrast, the
present study demonstrated that the impact crater shows a more elliptical shape with a
diameter of (3.1 ± 0.15)mm and (2.9 ± 0.17)mm. Discrepancies between the values published in
the literature and the findings of the present study are likely to be due to variation in
methodology. Most studies derive characteristics of the spatial air puff via CFD simulations
aiming to model the stresses applied to the in vivo cornea (Joda et al., 2016, Luce, 2005a, Elsheikh
et al., 2009, Ariza-Gracia et al., 2015). Such simulations take into account the low-pressure levels
in the peripheral zones. Whereas, the present study used a physical indentation method to
investigate the spatial distribution. Calcium alginate has a higher viscosity than the cornea
(Chapter I section 1.3, page 8 et seq.), and its viscosity is dependent on the temperature and the
saturation of the gel (Fernández Farrés and Norton, 2014). Thus, the required pressure to deform
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an equivalent area using calcium alginate would be higher than in corneal material. The
material-dependent relation between required pressure and dimension of the indentation
crater can be seen as a major constraint to this study. It is unclear why the calcium alginate
crater demonstrated an elliptical conformation, however it is possible that the experimental setup may have contributed. In particular, the cup housing the calcium alginate material was
placed orthogonal to the CST nozzle and following the application of the air puff, the cup was
removed manually. The ±90° rotation of the cup accelerates the material inside the cup
perpendicular to the air puff direction, leading to a distortion of the indentation crater.

This study provides a valuable insight into the geometrical shape of the air puff. Evidence such
as this is necessary to gain a comprehensive understanding of the physical characteristics of
the air puff to assess the airflow pressure and the three-dimensional shape over time in detail.
This knowledge can be used to develop parameters describing material and structural
properties of the corneal tissue. Future studies will seek to develop a system of pressure
sensors where the 3D characterisation of the air puff can be investigated without the limitations
of material properties.

What we knew:
1.

What we know now:

According to the manufacturer, the CST air puff
is highly repeatable.

1.
2.
3.
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It is possible to obtain an imprint of the air puff
of the CST by using calcium alginate.
The overall repeatability of the shape of the
crater indentation was 5.5% (n=100).
The shape of the imprint at the location of the
crater opening was found to be elliptic by
enum=0.06 with a major diameter (twice the
radius) of (3.1 ± 0.15)mm and minor by
(2.9 ± 0.17)mm.
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7

Analyses and evaluation of the NCT air puff pressure flow

Purpose: The aim of the study was to develop an experimental set-up to investigate the physical
characteristics of the air puff created by the CST and ORA. Especially, the temporal and spatial
characteristics of the airflow pressure of the puff were examined. Furthermore, the study also
examines the repeatability of the airflow pressure and the influence of the distance between
the tonometer nozzle and the measurement plane.
Method: The airflow pressure was measured using a piezoresistive, monolithic silicon pressure
sensors (MPX3030GP, NXP Semiconductors, Netherlands). To investigate the temporal and
spatial distribution of the pressure, the CST air puff was mapped to a 1mm and 600µm resolution
grid, while the ORA was mapped on a grid with a resolution of 1mm. The repeatability of the
pressure metrics for both CST and ORA was determined by conducting 100 repeated
measurements per day (intrasession) on three different days with a one-week interval
(intersession); only data from the 1mm resolution grid were examined for this. The influence of
the nozzle to pressure sensor distance was investigated by increasing the distance stepwise
by 0.5mm.
Results: The central airflow pressure of the CST (96.4 ± 1.42)mmHg was higher than the ORA
(91.7 ± 0.72)mmHg. The duration of the air puff produced by the CST (21.483 ± 0.2881)ms was
shorter than that of the ORA (23.061 ± 0.1872)ms. The increasing edge of the CST airflow
pressure profile had a smaller changing rate of +8.94mmHg/ms (R2=0.988, p=0.000) as the ORA
of +11.00mmHg/ms (R2=0.991, p=0.000). Both had similar decreasing edges CST -11.18mmHg/ms
(R2=0.993, p=0.000), ORA -11.65mmHg/ms (R2=0.992, p=0.000). When the distance between the
nozzle and pressure sensor tubing was 11mm, the maximum airflow pressure from the CST and
ORA was applied to an area of 0.8mm2 and 1mm2, respectively. Both, intrasessional and
intersessional precision and accuracy were found to be within the range of the sensor's
measurement uncertainty. Both showed high levels of concordance (ICC>0.9). For both CST
(±0.059ms/mm R2=0.908, p=0.000) and ORA (±4 frames/mm (R2=0.772, p=0.000) the nozzle to
pressure sensor distance showed a linear relationship with the duration of the airflow pressure.
Conclusion: The study proposes a valid method to investigate the physical dimensions of the
airflow pressure of the CST and ORA. Novel findings relating to the magnitude, duration and
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spatial extent of the respective airflow pressures are reported. Intra- and intersessional
repeatability of the CST and ORA were found to be within clinical limits. The findings of this study
will aid in the further analysis of the ocular biomechanics and for simulation studies.

Keywords: Air puff • CorvisST • ORA • Airflow pressure of NCT • Repeatability of tonometer •
Physical dimension of jet stream • Temporal and spatial distribution of the air puff

Acknowledgement: Dr David Jenkins (School of Computing, Electronics and Mathematics,
Plymouth University, Plymouth, UK)
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7.1

Introduction

The characteristics of the air-pressure during NCT are fundamental to the measures of IOP and
corneal biomechanics. Therefore, it is imperative that the physical attributes of the pressure
need to be repeatable and predictable and that the applied air puff profile adheres to its
designed specifications. In reference to NCT, there are three different possible air puff profiles
that can be utilised to determine the IOP: a) pressure is applied until the first applanation point
is reached which is followed by a subsequent shutdown of the airflow, b) pressure is applied
until a certain corneal deformation amplitude is reached and c) pressure is applied with an
increasing stagnation or radiation pressure until a specific pressure is reached or application
time has lapsed.

Figure 7-1: Piston chamber pressures automatically provided by the a) CST and b) ORA, c) both pressures
compared. a) The temporal profile of the increasing and decreasing edges of the CST are not symmetrical. The
increasing phase shows slower pressure rise than the pressure falls during the decreasing phase. B) The ORA
shows a very symmetrical temporal profile for the increasing and decreasing edge around the maximum for ±65
frames. The increasing phase lasts shorter than the decreasing phase by 62 frames. c) The temporal difference
between the pressure maxima is 8% between CST and ORA. (© 2017 Oehring, D)

- 94 -

Chapter III: System Analysis
A prerequisite of all tonometers is that the entire corneal deformation profile should be
detected and analysed, including the recovery phase when the pressure application ceases.
Most commercially available tonometers have similar designs (Katsuragi, 1992, Koest, 2015,
Luce, 2009, Grolman, 1972). The airflow pressure is generated by a piston-cylinder system, which
is driven by a rotary magnet. Through this, a capacitor charge is produced. Both, the ORA and
CST automatically provide the pressure inside the piston chamber during the NCT
measurements. The temporal profile of the piston chamber pressures varies in shape, height
and width depending on the specific tonometer Figure 7-1.
The tonometer nozzle consists of a tube with an inner diameter of approximately 1 to 2mm,
through which, the airflow exits the device. As a fixation target, a light source (pulsating or static)
in the instrument is visible to the patient during the system alignment. Most tonometers require
an 11mm distance between the nozzle and the eye although it is unclear why this specific
distance is used. Likely reasons include ensuring the nozzle is at a safe distance from the eye
and avoidance of any artifactual effects from the eyelashes. On consideration of the jet stream
created by the tonometer, the nozzle-to-eye distance is likely to affect the cross-sectional
profile of the pressure applied to the eye i.e. a long nozzle-to-eye distance is likely to result in a
narrower cross-section of the air puff being applied at the corneal plane when compared to a
short distance. This effect is likely to be pronounced as the airflow velocities of the air puff lies
in a narrow range of 300 to 400km/h (Fatt and Weissman, 2013, Grolman, 1972). Due to the nozzleto-eye distance and consequent change in the pressure profile, it may be justifiably assumed
that the spatial and temporal profile of the actual airflow pressure on the cornea differs
significantly from the piston chamber pressure. The airflow pressure during NCT should
increase linearly with a sharp decrease due to the quasi-linear relationship between
applanation time and IOP. Furthermore, the detection of the corneal deformation should be
carried out on-axis in alignment with the corneal apex. Since the NCT is a dynamic and
discontinuous method and is based on the Imbert-Fick law, it can be assumed that the IOP is
equal to the pressure required to applanate the cornea under stress-free conditions (Grolman,
1972). According to the manufacturers of tonometers, the approximate range of the applied
airflow pressure lies between 1 and 100mmHg at the corneal plane. The maximum range is
based upon consideration of corneal rigidity and pathology.
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Figure 7-2: Provided pressure profile of the a) CST and b) ORA; a) The CST records the
displacement of the corneal surface over time. b) The ORA detects the IR intensity during the
air puff measurement. b (© 2017 Oehring, D)

The CST and the ORA derive measures of IOP from the first corneal applanation points
Figure 7-2. The ORA determines the IOP by continuously detecting the intensity of IR light
reflected by the cornea and by identifying the applanation points when there is a sudden peak
in the light reflected. In contrast, the CST records the displacement of the corneal surface over
time and derives the IOP by determining the time to corneal applanation, which equates to a
corneal surface slope of zero. Due to these fundamental differences in how the two tonometers
derive measures of IOP, as well as the characteristics of the pressure applied by the air puff,
comparison of clinical results between the two instruments is challenging. Despite significant
efforts to understand ocular biomechanics with the use of the CST and ORA, little is known
about the actual physical and geometric properties of the air puff pressure that is applied to the
cornea with these two devices. Consequently, this lack of knowledge results in difficult clinical
interpretation of the metrics offered by the two instruments. More recently with growing
interest in corneal biomechanics attempts have been made to characterise the temporal and
spatial aspects of the air puff, Table 7-1.
Table 7-1: Overview of the published CST air puff characteristics
Method

Max

Further characteristics

(Bahr et al., 2015)

Numeric simulation

17.3mmHg

Duration:

30ms

(Kling et al., 2014)

Pressure sensor

120mmHg

Increase:
Decrease
Duration:

5.38mmHg/ms
-8.38mmHg/ms
27.50ms

(Metzler et al., 2013b,
Metzler et al., 2013a)

Hot-wire anemometry

-

Velocity in 9-12mm distance > 90m/s
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A numeric simulation of the CST’s airflow dynamics showed the highest velocity of the air puff
at the nozzle plane to be 80m/s with a duration of 30ms (Bahr et al., 2015). The pressure force
applied at the corneal plane was non-uniform; the central area was under a maximum pressure
of 2.3kPa (equal to 17.3mmHg), whereas the pressure at the corneal periphery was negative
(relative to the centre) with 1kPa (equal to 7.50mmHg) in relation to the ocular IOP. Using a
differential compensated pressure sensor, Kling et al. (2014) assessed the central temporal
pressure distribution at 11mm nozzle-to-sensor distance. The investigators fitted a linear
function for the pressure increase (5.38mmHg/ms) and decrease (8.38mmHg/ms) and reported
the air puff duration at the corneal plane to be 27.50ms. Interestingly, the study found that only
the pressure applied up to 20.63ms contributed effectively to the corneal deformation (Kling et
al., 2014). In another study using hot-wire anemometry to acquire spatial flow velocity data of
the CST air puff Metzler et al. (2013a, b) reported the peak velocity along the centre line to be
over 100m/s.
Despite these various attempts, questions remain as to the extent of the corneal area across
which the pressure is applied, how repeatable the airflow pressure is across the entire ocular
surface and how the nozzle-to-eye distance affects the airflow pressure. To describe the ocular
biomechanics in vivo, it is necessaryto assess the spatial, temporal and depth profile of the
applied airflow pressures. Until now there is still no comprehensive evidence available about
the dimension, magnitude and duration of the air puff of the CST and ORA.

7.2

General purpose

The primary aim of this study was to develop a method to investigate the temporal and spatial
characteristics of the airflow pressure produced by the CST and ORA. Furthermore, the
investigation also examines the repeatability of the airflow pressure and the influence of the
nozzle-to-sensor distance.

7.3

Methods

To investigate the airflow pressure of the CST and ORA, a high precision sensor and recording
system was developed that was capable of measuring low-level pressure of short duration.
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Furthermore, a novel method of mapping both the spatial and temporal characteristics of the
airflow pressure was developed.

7.3.1
7.3.1.1

Pressure sensor
Requirements

Pressure is a scalar parameter and is defined as the force which acts perpendicular to an area
(Chapter I section 3.1, page 42 et seq.). Depending on the reference system, pressure is
differentiated as:
×

Absolute pressure: system with vacuum being the reference,

×

Gauge pressure: system with atmospheric pressure being the reference,

×

Differential pressure: calculated as the difference between two pressure values where both
are measured in the same reference system, Figure 7-3.

Figure 7-3: Schematic of the different sensor types. The horizontal blue, dotted line
represents the atmospheric pressure and the arrow the respective pressure. Depending
on the reference system three sensor types can be differentiated: absolute pressure,
gauge pressure (e.g. MPX5050GP) and the differential pressure (e.g. MPX5050DP). (©
2017 Oehring, D)

Sensors to detect these pressures vary significantly. Sensors can be categorised as active or
passive sensors. A manometer is an example of a passive sensor; it does not require any
subsidiary power and draws on the energy from the medium used. In contrast, active sensors
require external power. Active sensors need to be connected to an oscilloscope to record the
pressure. Sensors are further classified by their working principles such as mechanical,
resistance, capacitive or inductive.
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In the present study, selection of the sensors used was in accordance with several
considerations. Firstly, as airflow pressure varies with time, it is vital to assess the magnitude of
frequency that the sensor can detect, i.e. up to which frequencies can the sensor detect highfrequency changes, such as pressure peaks. Therefore, the dynamic properties of the selected
sensor required the following attributes:
×

Stability: The output signal p(t) does not increase permanently if the output signal is
dependent on an amplitude-limited input signal µ(t).

×

Time invariance: The time shift of the input signal µ(t) should result in a time shift of the
output signal p(t), i.e. the response of the sensor is independent of the measurement time
if constant interference is present.

×

Linearity: The superposition of two input signals µ1(t) + µ2(t) corresponds to the
superposition of the respective output signals p1(t) + p2(t). The multiplication of the input
signal µ(t) by a constant corresponds to the multiplication of the output signal a · p(t). Thus,
it applies a · µ1(t) + a · µ2(t) ® a · p1(t) + a · p2(t).

Consideration also needs to be given to the ease and expense of implementation of such
sensors.
7.3.1.2

Trial measurements

Figure 7-4: Overview of the sensors trialled. (© 2017 Oehring, D)

A range of sensors where tested, Figure 7-4. In addition to the sensors trialled, a conventional
microphone and a force sensor were also considered as basic pressure sensors. However, the
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output signal produced by the microphone was a combination of the noise from the air pulse,
the piston movement as well as the sound of the activation button; hence the recorded input
signal could not isolate the air puff pressure.
As a second attempt, a force sensor (FlexiForce A401) was tried. Since the dimension of the
force sensor was known it could be used as a basic pressure sensor. As the air puff pressure
ranges up to 20kPa and is expected to have a short initiation and detection time of less than
0.1ms (Grolman, 1972, Luce, 2005a), a pressure sensor with a fast response time was required;
these criteria excluded the force sensor, Figure 7-4 (3).
Following the initial trials, the LTI systems (Linear-Time-Invariant systems) were found to be best
suited for the study requirements. Two different types of piezoresistive, monolithic silicon
pressure sensors (Freescale Semiconductors Inc., Austin, Texas, USA) were chosen for further
in-depth trial measurements, Figure 7-3 and Figure 7-4 (2 and 4). The MPX5050GP is a single port,
gauge pressure sensor while the MPX5050DP is a dual port, differential pressure sensor. For
both sensors, the minimum working temperature range is 0-85°C; within this range the detected
output signal can be translated into differential pressure using E 7-1 to E 7-3 (provided by the
manufacturer). These equations apply to an input pressure range of 0 to 50kPa. A maximum
differential pressure or absolute pressure of up to 200kPa can be detected. All sensors were
stored in foam, free of humidity and static electricity at a temperature of 15°C. The complete
set-up was supplied by a direct current of 7mA and 5V.
Vout = (0.09p + 0.20) ± Error

Vout
p
Error

Error = Pressure error ´ Temperature factor ´0.09
Error = 0.25kPa
𝑝𝑝 =

100 ∙ Veó§ − 20
± 0.25
9

7.3.1.3

= Output signal (V)
= Pressure (kPa)
= Random error (kPa)

E 7-1
E 7-2
E 7-3

Selected sensor

Considering the estimated geometric extent of the air puff (Chapter III section 6, page 83 et
seq.) and the distance between the tube openings of the differential sensor (MPX5050DP), the
gauge pressure sensor (MPX5050GP) was chosen to investigate the spatial and temporal
distribution of the air puff to eliminate the influence of the peripheral airflow at the side of the
sensor. The MPX5050GP is a piezoresistive, monolithic silicon pressure sensor that is
temperature compensated over a range of -40°C to +125°C. According to the manufacturer,
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MPX5050GP can detect pressure changes within 0.088V to 0.313V and has an accuracy of ±2.5%
over the complete detection span. To estimate the type B uncertainty (Taylor and Kuyatt, 1994,
Hässelbarth, 2004) of the recorded pressure the equation provided by the manufacturer and the
datasheet was used, E 7-1 to E 7-3 (page 100) and Table 7-2.
Table 7-2: Selected characteristics of the pressure sensor MPXV5050GC
to estimate the type B uncertainty of the pressure recordings
Symbol

Value

Unit

Full-scale span

VFSS

Typical: 4.5

Vdc

Supply Voltage

Vs

Typical: 5.00

Vdc

Variability of the Vs

-

Typical: ±0.25

Vdc

Accuracy

-

Maximum: ±2.5%

VFSS

Offset stability

-

Typical: ±0.5

% VFSS

In order to estimate the type B uncertainty, the accuracy of the sensor (E 7-4), the variability of
the supply voltage (E 7-5) and the offset stability (E 7-6) needed to be considered. It was
assumed that the distribution of sensor accuracy and voltage variability corresponds to a
uniform distribution (Taylor and Kuyatt, 1994).
𝑢𝑢7 =

(0.025 ∙ 4.5)

𝑢𝑢ß®ß =

√3
0.2500

= 0.0650𝑉𝑉

= 0.1443𝑉𝑉
√3
𝑢𝑢© = (0.005 ∙ 4.5) = 0.0225𝑉𝑉

us
uvsv
uo

= Accuracy of the sensor (V)
= Variability of the supply voltage (V)
= Offset stability (V)

E 7-4
E 7-5
E 7-6

According to the propagation of uncertainty and E 7-4 to E 7-6 the combined uncertainty for the
pressure recording can be described by E 7-7 (Hässelbarth, 2004).
𝑢𝑢 [ (𝑝𝑝) = ™´

𝜕𝜕𝜕𝜕 [ [
𝜕𝜕𝜕𝜕 [ [
Ø ∙ 𝑢𝑢7 ∞ + ™´ Ø ∙ 𝑢𝑢ß®
∞
𝜕𝜕𝑉𝑉©≠Æ
𝜕𝜕𝑉𝑉7

[
[
= 𝑢𝑢ß®ß
+ 𝑢𝑢±[
𝑢𝑢ß®

𝜕𝜕𝜕𝜕
500 100 𝑘𝑘𝑘𝑘𝑘𝑘
Ø=
=
𝜕𝜕𝑉𝑉©≠Æ
9𝑉𝑉®
9 𝑉𝑉
𝜕𝜕𝜕𝜕
500𝑉𝑉©≠Æ
20
´ Ø= −
= −𝑉𝑉©≠Æ
𝜕𝜕𝑉𝑉7
9
9𝑉𝑉®[
´

u(p)
p

= Pressure uncertainty (kPa)
= Pressure (kPa)

Vout
Vs

= Output signal (V)
= Supply voltage (V)

uvs
us
uo

= Accuracy of the supply voltage (V)
= Accuracy of the sensor (V)
= Offset stability (V)

E 7-7
E 7-8
E 7-9
E 7-10

Therefore, the uncertainty of pressure measurements using the selected sensor was between
0.7217 and 1.7763kPa in the full-scale range of the sensor, Figure 7-5a. Trial measurements
showed that for both devices the recorded airflow pressure had maximal magnitudes of 1.6V
(15.6kPa). Thus, the uncertainty in the range of the airflow pressure was between 0.7246 and
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0.8892kPa which is equal to 5.4329 to 6.6693mmHg. The expanded uncertainty according to the
recommendation of the GUM was calculated assuming a confidence level of 95% (Taylor and
Kuyatt, 1994). Therefore, the coverage factor k=2 was used (Taylor and Kuyatt, 1994). The
expanded uncertainty was calculated within the recorded airflow pressure range, Figure 7-5b.

Figure 7-5: Graphical analysis of the measurement uncertainty u(p) with highlighted
area of the recorded airflow pressure (grey) a) in the full-scale range (Vout) and b) the
calculated voltage-pressure model (straight line) according to the datasheet with the
expanded uncertainty (dotted line). (© 2017 Oehring, D)

One reason for the measurement uncertainty lay in the unavoidable instability of the measured
value in electrical circuits which is expressed as noise. Noise is defined as the inherent, random
fluctuation of the output signal of a sensor (Meier and Borkowski, 2011). The noise of an electric
signal is due to the fact that electric charges are conveyed not continuously but in quanta
(elementary charges) (Bittel and Storm, 2013). Therefore, noise manifests in small current and
voltage fluctuations. Thus, a lower limit of the signal magnitude is predetermined.

Figure 7-6: Graphical analysis of the ground sensor noise a) over time and b) histogram of the detected noise
voltage values. The blue curve represents the cumulative percentage of each bin. The triple standard deviation
was found in a range between 0.18279 and 0.18730V. (© 2017 Oehring, D)
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If the lower limit is undercut, the measuring signal is heavily distorted and may no longer be
recognisable. The average noise level of the sensor was detected by 0.18504V with a range from
minimal 0.18296 to maximal 0.18719V, Figure 7-6a. Using the provided equation E 7-7 to E 7-10
(page 101), the equivalent pressures were on average 1.2501mmHg from 1.0409 to 1.2576mmHg.
That means, airflow pressure less than the maximum noise level cannot be distinguished.
The noise of the sensor was dependent on the recorded pressure value. The signal to noise
ratio (SNR) without applying an air puff was 48.4db (SD=0.700Pa) and during the air puff pressure
in the range of the maximum 17.6db (V=1.4450kPa, SD=191.20Pa), Figure 7-6a. Therefore, an
adequate method should be applied to the recorded signal to reduce noise and to show clearly
the actual signal (Press, 1992). Different methods were tried to reduce the noise and smooth the
recorded pressure over time:
×

Linear adjunctions showed the best correlation between measured and simulated data but
needed too much processing time.

×

The modified Stoke method was very quick but needed additional smoothing when the
recorded pressures were very high.

×

The best results were obtained by eliminating the Fourier component with higher
frequencies than the respective calculated cut-off frequency.

To minimise the noise of the sensor readings the airflow pressure was smoothed by eliminating
the Fourier components with higher frequencies than the calculated cut-off frequency, E 7-11.
The range of five consecutive data points was set as the analysis interval.
Fió§ eëë =

U

ñ∆§

Fcut off
n
Dt

= Cut-off frequency (Hz)
= Number of data points
= Time frame (s)

E 7-11

Using the Fourier procedure, E 7-11, Figure 7-7 and Figure 7-8, the airflow pressure could be
detected, and the noise was minimised. For each recorded time-pressure series the procedure
was conducted separately. The SNR could be improved and equalised, without applied
pressure by 58.2db (SD 0.225Pa) and with applied pressure in the range of the maximum by
57.0db (SD 2.020Pa).
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Figure 7-7: Graphical analysis of the smoothing procedure by eliminating the Fourier components with higher
frequencies than the calculated cut-off frequency a) over the complete air puff signal with highlighted area of
the maximum range (orange) and b) in the range of the maximum. The straight red lines show the resulting
signal after smoothing and the grey the raw data, for example, using 11kHz.

Figure 7-8: Airflow pressure profile a) before and b) after the smoothing procedure.
The grey area represents the 95%CI error band (n=10).

7.3.2

Oscilloscope

The pressure sensor had to be connected to an oscilloscope to record the airflow pressure. An
oscilloscope is an electrical instrument used to record and visualise voltages and their temporal
course. The detected time domain voltage is shown in a two-dimensional coordinate system.
7.3.2.1

Analogue oscilloscope

The analogue oscilloscope allows visualisation of the input voltage onto a screen of a cathode
ray tube. In this study, the analogue oscilloscope Tektronix V2211 (No. 070-7235-00, Tektronix
Inc., Beaverton, USA) 50MHz 2-Chanel was used for the initial trials, Figure 7-9a. The optimal SNR
was achieved when the system was set to a temporal and voltage resolution of 0.2ms and 5kPa,
respectively. Key limitations when using an analogue oscilloscope include the resolution limits,
initiation of the signal and saving of the output signal. Due to the relative short time frame
(approximately 20 to 30ms) of the air puff, it was not possible to capture the oscilloscope output
waveform; thus, an iPhone6 (Apple Inc., Cupertino, California, USA) was used to record a slow-
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motion video with 240fps of the output waveform. Subsequently, the frame that showed the
waveform signal was manually extracted for further analysis, Figure 7-9b.

Figure 7-9: Analogue oscilloscope a) Tektronix V2211 (070-7235-00) used during the initial trials of the study. b)
Extracted frame with the measured CST air puff pressure waveform from the captured oscilloscope screen with
the iPhone as a slow-motion movie. (© 2017 Oehring, D)

7.3.2.2

Digital oscilloscope

Following the initial trials with the analogue oscilloscope, a digital oscilloscope and power
supply (NI myDAQ, National Instruments Inc., Austin, Texas, USA) was used to improve the
pressure recording. The NI myDAQ is a low-cost portable data acquisition device (DAQ). The
myDAQ can be embedded into a variety of metrology devices which are programmed in
LabVIEW whereby permitting the measurement and analysis of real-time signals via a software
interface. In the present study, the NI myDAQ (Version M80X73628) with LabVIEW 2015 (V15.0f2,
32-bit) was used to record the airflow pressure.

7.3.3

Trigger signal

The evaluation of the CST airflow pressure involved matching the temporal pressure profile to
the high-speed camera frames from the CST. The piston-cylinder movement within the CST was
used to synchronise the temporal air puff pressure with the high-speed camera footage of the
corneal deformation. According to the manufacturer, the CST high-speed camera is initiated by
the piston movement, which increases the chamber pressure. The pressure within the piston
chamber is provided automatically for each NCT measurement. Connecting the CST mainboard
and the pressure sensor to the NI myDAQ provided the means to simultaneously detect and
synchronise the recording of the piston chamber and air puff pressures, Figure 7-10.

- 105 -

Chapter III: System Analysis

Figure 7-10: CST connected to the myDAQ to record the piston chamber pressure
during an air puff measurement (© 2017 Oehring, D)

Unlike with the CST, it was not possible to determine the location of the piston chamber
pressure signal on the mainboard of the ORA and hence, other methods of determining a
trigger signal4 were explored. These included using:
×

A conventional microphone to identify the sound of the piston within the ORA. However,
interference noises resulted in an inconsistent trigger signal.

×

Utilise the IR light emitted by the ORA as a trigger in the demo puff mode. However, as the
IR light is present at all times this invalidated that method.

×

Using a reflecting model of the corneal surface made of semi-transparent flexible plate to
simulate the tear film during NCT measurements. However, the ORA did not recognise the
plate as a reflective surface and did not initiate the automated measurement.

These methods failed to identify the trigger signal. Therefore, the recorded airflow pressures
were synchronised by their respective maximum value.

7.3.4

Measurement procedure

Three different procedures were conducted to investigate the temporal and spatial distribution
of the CST and ORA airflow pressure. With both instruments, the repeatability of both

4

Trigger signal = A trigger signal is a signal that generates, initiates or releases another event or a pulse or a switching
operation.
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intrasessional and intersessional measurements was investigated. Furthermore, the influence
of the distance between the nozzle and the pressure sensor was evaluated.
7.3.4.1

Time and spatial distribution of the airflow pressure

CST airflow pressure
In order to characterise the spatial and temporal characteristics of the air puff, the display
screen of the CST was used to develop a custom-designed grid. The size of the area imaged by
CST at 11mm distance from the nozzle was determined to be (12.7x10.6)mm. The MPX5050GP
sensor has a tube opening of 1.0mm which was placed at 11mm distance from the CST nozzle;
the CST screen was captured with a conventional digital camera, Figure 7-11a. The images of
the tube opening on the CST display screen was traced and used to develop a tetragon grid
that was the size of the CST display screen (75x90)mm. The traced shaped was initially
centralised in the tetragon and then fitted with replicates of the trace. The described procedure
resulted in map one (M1) with 137 complete measurement points Figure 7-11b.

Figure 7-11: The spatial distribution of the CST air puff was investigated using maps which were
based on the dimension of a) screen shot of the CST screen capturing the sensor tube opening,
which resulted in the development of maps with b) a resolution of 1mm (M1, m=137 measurement
points) and c) a resolution of 600µm (M2, m=382 measurement points). The yellow highlighted areas
are the central measurement areas. (© 2017 Oehring, D)

Figure 7-12: Used pinholes to increase the resolution of the spatial mapping of the pressure.
The diameter of the respective aperture is highlighted in red. (© 2017 Oehring, D)

- 107 -

Chapter III: System Analysis
To further increase the resolution of the measurement map, an aluminium aperture was fixed at
the tube opening of the pressure sensor Figure 7-12. Initial test measurements had shown that
the highest resolution could be reached with an aperture diameter of 600µm. Measurement of
the pressure was dependent upon the diameter of the tube opening; small aperture size was
found to decrease the output signal. Moreover, when using an aperture diameter smaller than
600µm, it was not possible to differentiate the magnitude of the output signal from the sensor
noise. Using the 600µm aperture the second map (M2) was created with 382 measurement
points across the CST screen, Figure 7-11c.
At each measurement point on both maps, the CST air puff was triggered and recorded ten
times consecutively, and the mean was used to obtain the pressure value at the specific point.
ORA airflow pressure

Figure 7-13: Set-up for the investigation of the ORA airflow a) schematically and b) view from the digital camera
parallel c) perpendicular to the ORA nozzle and d) from the top of the ORA. (© 2017 Oehring, D)

To assess the ORA air puff, the pressure sensor was aligned for distance, height and tilt with the
tonometer nozzle, Figure 7-13a. To avoid parallax errors, two digital cameras were placed
parallel and perpendicular to the ORA nozzle and connected to a computer allowing
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simultaneous viewing and control of the position of the pressure sensor in real-time
Figure 7-13b and c.
The ORA was kept in a static position. To investigate the spatial and temporal distribution, the
pressure sensor was moved horizontally and vertically in one millimetre increments until a
measurement area of 13x7mm was measured; hence, in this manner 117 measurement points
were assessed. The movement range offered by the apparatus set-up restricted the size of the
measurement area. At each point, the ORA air puff was initiated ten times using the demo puff
mode, and the average was used as the value for each position.
7.3.4.2

Repeatability of the air puff pressure

The repeatability of the airflow pressure measurements with the CST (M1) and ORA were
assessed. When assessing the CST, 137 measurement points were analysed 100 times, whereas
with the ORA only the central point was evaluated 100 times. Due to unknown variability
introduced by the set-up apparatus of the ORA, the repeatability of the peripheral measurement
points was not assessed. For both instruments the measurements were repeated on three
different days over three weeks with a one week break between them. Repeatability of
consecutive measurements (intrasessional) and for measurements on different days
(intersessional) were analysed. To compare the repeatability of measurements on different
days, the first measurement series on each day was examined.
7.3.4.3

Influence of the distance between nozzle and pressure sensor

The distance between the sensor tube opening and the nozzle was initially set at 0.5mm for the
central position. The distance was increased stepwise by half a millimetre until the sensor was
placed at the maximum distance of 38mm and 26mm for the CST and ORA, respectively. The
differences in the maximum sensor-nozzle distance between the two devices were because the
CST has the facility to move whereas the ORA is static and the distance is limited by the
movement range offered by the apparatus. At each distance, the air puff was initiated ten times,
and the results were averaged to obtain the measurement at the particular distance. The same
procedure was performed for both devices on the same day.
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7.3.5

Final set-up

The final set-up required the NI myDAQ to be connected to a laptop (Toshiba LT, Intel Core i52520M CPU 2.5GH, RAM 8.00GB; Windows 7 Enterprise 64-bit), Figure 7-14. The pressure sensors
were connected to a prototype board to facilitate connection to the NI myDAQ and the power
supply. Both, the pressure sensor and the mainboard of the CST were connected to the
NI myDAQ (V1+ the pressure sensor signal and V2+ the CST signal). The sensors were attached
to an apparatus which allowed horizontal, vertical and angular movement. The distance
between the respective nozzle and the sensor was adjusted to 11mm. To ensure adequate
positioning spirit levels, rulers and two digital camera systems were used to line up the nozzle
and the sensor position in real-time.

Figure 7-14: Final set-up to record the air puff of the CST and the ORA. a) Used sensor with (bottom) and
without (top) aperture which increased the resolution. The red circles highlight the tube opening. b) The
pressure sensor was connected to +/-V1 and +/-A1 (red, yellow and black cables) to the myDAQ. c)
Complete set-up including the soldered sensor (1), the rulers (2) and the movement apparatus (3) to
align the tube opening to the respective device nozzle. (© 2017 Oehring, D)

Figure 7-15: LabVIEW was used to programme a software which records the
respective pressure signal. The recorded waveform (left) and the signal peak
(right) were visible in real-time. (© 2017 Oehring, D)
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A custom designed programme was coded in LabVIEW to record and export pressure readings.
The program was able to capture the one ORA or two CST pressure input signals
simultaneously, Figure 7-15a. The program consists of a loop (n=30) which included all parts of
the recording procedures. The voltage inputs V1 (sensor) and V2 (CST piston chamber
pressure), the input signal range were set to 0 to 5V, 10kHz and 20,000 samples. For each
measurement, a time frame of 60s and 1.2 million time points were recorded. To allow
visualisation both input signals were multiplied by ten and displayed in real time on the screen,
Figure 7-15b. Both output signals were subsequently saved as binary TDMS files including only
raw readings, without filter and magnification.
Environmental factors such as the temperature, humidity and atmospheric pressure were
monitored using a conventional hygrometer and a barometer app with GPS tracking and height
calibration. Environmental variables such as temperature and humidity were kept constant
throughout the study. To avoid the effects of background noise potentially contaminating
sensor readings, data were collected over weekends or evenings after normal working hours.

7.3.6

Data processing

The binary TDMS files were imported into Microsoft Excel 2016 for Mac (Microsoft Inc.,
Redmond, Washington, USA). To export the measured data as CST files, the maximum value of
the piston-chamber pressure was used to synchronise the output signals. Airflow pressure and
piston-chamber pressure data within ±20ms of the maximum piston-chamber pressure were
extracted for further analysis.
Regarding the ORA, the highest value of the output signal was used to synchronise the
measurements and data within ±20ms of the maximum value were extracted and used for
further analysis.

7.4

Results

The following analysis includes descriptive and inferential statistics of the recorded airflow
pressure of the CST and ORA. All measurements were conducted in the same room, thus at the
same height above sea level (131.3m). The atmospheric pressure ranged between 754.49 to
774.96mmHg and was on average (763.34 ± 4.433)mmHg. Repeatability of the pressure
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measurements was analysed on three different days with a one-week interval in between. The
room had a mean temperature of (19.3 ± 1.45)°C and humidity of (46 ± 1.2)%.

7.4.1

CST air puff

The airflow pressure was mapped using two different resolutions to analyse the CST air puff:
map1 (M1) had a resolution of 1mm and map2 (M2) of 600µm. The maximum pressure at the
central measurement point of M1 {x;y = 0;0} at 11mm distance was found to be
(96.4 ± 1.42)mmHg (95%CI 96.1 to 96.6mmHg) lasting (21.483 ± 0.2881)ms, (95%CI 21.427 to
21.539ms). The maximum pressure, defined as 99% quantile, lasted for (1.317 ± 0.1116)ms (95%CI
1.295 to 1.339ms).
7.4.1.1

Temporal and spatial distribution of the airflow pressure

To analyse the distribution of the airflow a sensor time resolution of 10,000Hz was set. The CST
pressure map (M2) affected by the airflow had an approximately circular shape (x=7.4mm and
y=7.8mm) with an area of 45.2mm2 E 6-3 (page 87), Table 7-3 and Figure 7-16a. The results
demonstrated that the 0.8mm2 area surrounding the maximum pressure at the centre
experienced 90-100% of the pressure applied; within a radius of 3.8mm from the centre, the
pressure had declined to 80%, Table 7-3.
For further analysis, the pressure range was considered as a percentage, with 100% denoting
the maximum. To avoid any effects of the artifactual noise created by the sensor, only airflow
pressure greater than 10% were considered as pressure readings.
Table 7-3: Spatial distribution of the relative airflow pressure in increments of 10% (M2, n=10)
x (mm)

y (mm)

Area (mm2)

Slope* (%/mm)

R2

90-100%

1.2

0.8

0.8

-6.2

0.873

80-89%

1.7

1.4

1.9

-29.5

0.999

70-79%

2.1

2.1

3.5

-26.1

0.999

60-69%

2.7

2.7

5.7

-27.9

0.999

50-59%

3.1

3.1

7.5

-30.1

0.995

40-49%

3.5

3.7

10.2

-35.9

0.999

30-39%

4.1

4.3

13.8

-31.1

0.995

20-29%

4.9

5.3

20.4

-25.5

0.994

< 19%

7.4

7.8

45.3

-15.6

0.991

Airflow pressure (%)

*Linear regression of the pressure relative to the maximum vs. the distance from the centre within the area of the
respective x and y coordinates
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Figure 7-16: Spatial distribution of the maximum airflow pressure (M2, n=10): a) 3D map of the spatial
distribution. The bottom contour map shows the CoV of ten consecutive measurements at the
respective points. Low CoV is denoted by the blue colour, high CoV denoted by red. b) The relative
pressure values were divided by the magnitude into ten intervals of pressure. The further away from the
centre, the lower the pressure. c) The average spatial distribution profile highlights the different levels
of pressures affecting the analysed area. The maximal airflow was detected centrally (red area).

Figure 7-17: Time distribution of the maximum airflow pressure (M2, n=10): a) Contour map shows the
detected pressure duration. Short duration is denoted by the blue colour, long duration denoted by red.
b) The average temporal distribution profile highlights the different levels of maximal pressure affecting
the analysed area. The maximum airflow pressure was detected centrally (red area). c) The duration of
pressures smaller than 25% of the max where significantly smaller than the duration of higher pressures.
d) The time point when the maximum pressure was detected was consistent within the area of the
pressure (within the black contour lines which represent the ten pressure levels).
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In pressures, higher than 25% of the maximum CST airflow pressure the pressure duration was
highly consistent with less than 5% CoV, Figure 7-17c. The duration decreased outside of the
area (position at M2) {x1;y1 = 9.5;6.5 } and {x2;y2 = 22.5;20.5} by 71% and 68%, Figure 7-17a, b and
c. Furthermore, the time point when the maximum pressure was recorded was highly consistent
across the analysed area. In the range of the affected area by the air puff, the time point varies
by 0.3ms, Figure 7-17d.
7.4.1.2

Repeatability of the airflow pressure

The repeatability of the recorded airflow pressure of the CST was investigated using the CST
pressure map M1.
Intrasessional repeatability

Figure 7-18: Graphical analysis of the intrasessional repeatability of the recorded airflow pressure. The
contour lines highlight the range of the airflow pressure (black line contours represent the pressure
levels 0-100% in 10% steps; n=100). Low numbers are denoted by the blue colour, high values denoted
by red. a) Precision is provided as absolute differences between the consecutive measurements. b)
Accuracy is given as the standard error of the mean. c) ICC and d) Cronbach's alpha (d) ranged between
-1 and 1. Concordance of the intersession measurements was found to be excellent in the range of the
airflow pressure.

The intrasessional precision was determined by (0.2 ± 0.81)mmHg and CoV by 6.2% across the
entire map. The precision in the range of the airflow pressure was found by (1.3 ± 1.67)mmHg
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and CoV by 5.3%, Figure 7-18a. The accuracy across the entire analysed area and over the full
measurement time was (0.2 ± 0.54)mmHg. In the range of the airflow pressure, accuracy was
found by (0.9 ± 1.11)mmHg, Figure 7-18b. Concordance between measurements was excellent
in the range of the airflow pressure: ICC 0.946 (95%CI 0.933 to 0.958) with a Cronbach’s alpha of
0.996 (95%CI 0.994 to 0.997), Figure 7-18c and d.
Intersessional (between days) repeatability

Figure 7-19: Graphical analysis of the intersession repeatability of the recorded airflow
pressure. The contour lines highlight the range of the airflow pressure (black line
contours represent the pressure levels 0-100% in 10% steps; n=100). Low numbers are
denoted by the blue colour, high values denoted by red. a) Precision is provided as
absolute differences between measurements of three days. b) Accuracy is given as the
standard error of the mean. c) ICC and d) Cronbach's alpha (d) ranged between -1 and
1. Concordance of the intrasession measurements was found to be excellent in the
range of the airflow pressure.

The intersessional precision was found to be smaller than within consecutive measurements
across the entire map by (0.2 ± 0.68)mmHg and CoV by 11.6%. In the range of the airflow
pressure the average difference between measurements at three different days was
(1.0 ± 1.41)mmHg and CoV by 4.4%, Figure 7-19a. The accuracy across the entire analysed area
and over the full measurement time was found to be equivalent to the intersession accuracy by
(0.1 ± 0.46)mmHg. In the range of the airflow pressure accuracy was found by (0.2 ± 0.57)mmHg,
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Figure 7-19b. Within the range of the airflow pressure assessed concordance between
measurements was excellent: ICC 0.964 (95%CI 0.905 to 0.999) with a Cronbach’s alpha of 0.980
(95%CI 0.950 to 0.999), Figure 7-19c and d.
7.4.1.3

Influence of the distance between nozzle and pressure sensor

With decreasing sensor-to-nozzle distance the CST airflow pressure increased Figure 7-20a.
The pressure at 0.5mm distance was (123.4 ± 1.64)mmHg whereas at 38mm the pressure
decreased to (21.7 ± 0.74)mmHg. A notable, 48.8% reduction in pressure occurred between 12
to 18mm distance, Figure 7-20b (blue graph). Variation in the sensor-to-nozzle distance
appeared to have little effect on the duration of the pressure application; at 0.5mm distance the
duration was (21.067 ± 0.1822)ms whereas at 38mm it was (22.777 ± 0.2711)ms. The change in
duration with distance was equivalent to ±0.059ms per millimetre (R2=0.908, p=0.000),
Figure 7-20b (green graph).

Figure 7-20: Graphical analysis (n=10) of the airflow pressure at different measurement distances a) over
time (y-axis) and distance (x-axis). b) Distribution of the relative maximal pressure (blue) and duration
(green) at each distance. The coloured areas show the 95%CI of the respective mean.

The profile of the maximum pressure over distance was described as a sigmoidal logistic
function (R2=0.987, c2=15.816), E 7-12, E 7-13 and Figure 7-21.
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A1 = 103.939 ± 1.247
A2 = 23.528 ± 1.789
d0 = 16.091 ± 0.318
x=7.731±1.109
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Figure 7-21: Comparison between measured (straight blue line) and
calculated (dotted line with the grey area shows the 95%CI error band)
maximal pressure at different distances between nozzle and opening tube
of the pressure sensor. The differences between both profiles are
displayed at the bottom (dotted line, calculated-measured).

The largest difference between the measured and calculated pressure profiles was noted to be
19.5mmHg at a distance of 0.5 to 1.0mm from the nozzle. The large difference was likely due to
the ram pressure inside the sensor case at 0.5mm distance. The average difference between
measured and calculated pressure between 2 and 38mm sensor-to-nozzle distance was
0.18mmHg (95%CI -2.1 to 2.5mmHg). 68.2% of the measured values lied in the range 95%CI of
the fitted curve.
7.4.1.4

Mapping the CST air puff pressure on to CST high-speed camera frame rate

The piston chamber pressure is automatically recorded by the CST and is provided as mmHg
per frame for each measurement. In the present study, the piston chamber pressure was used
as a trigger to signal the initiation of the airflow pressure measured by the myDAQ. In order to
map the airflow pressure readings on to the CST high-speed camera frame rate, the piston
chamber pressure recorded by the LabView programme on the myDAQ was synchronised with
the CST pressure results. The LabView programme used to detect the pressure had a temporal
resolution of 0.10000ms whereas the CST has a time resolution of 0.23094ms (4330Hz). In order
to synchronise the two readings, the frequency recorded by the myDAQ was reduced by
4330Hz. The central horizontal plane of the CST pressure map M1 was matched to the CST time
frame to allow comparison between the measures provided by the CST and the pressure values
recorded by the sensor.
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Figure 7-22: Graphical analysis of the piston chamber pressure and the airflow pressure. a) Comparison
between the piston chamber pressure detected by the CST (orange) and piston chamber pressure recorded
by the myDAQ (black). A maximum difference of 2.3% between the two pressure readings (dotted line below)
was observed at frame 99 (22.869ms). a) Comparison between the piston chamber pressure recorded by CST
(orange) and the detected airflow pressure at the central measurement point of M1 (black); a maximum
difference of 47.4% between the two readings (dotted line below) was observed at frame 40 (9.238ms).

The maximum piston chamber pressure provided by the CST was detected at frame 70
(16.166ms), which corresponds to the midpoint of the CST analysis time of 140 frames
(32.332ms). To extract the pressure readings of the piston chamber and the airflow pressure
from the myDAQ a frame range of 140 frames centred by the maximum piston chamber
pressure was used. The procedure resulted in three different pressure readings with the same
temporal resolution of 4330Hz: first the piston chamber pressure provided by the CST, second
the piston chamber pressure measured by myDAQ and the airflow pressure also recorded by
the myDAQ. The piston chamber pressures detected by the CST and by the myDAQ had a mean
difference of 0.2% over the whole measurement sequence (140 frames), Figure 7-22a. Thus,
using the method described before, each airflow pressure measurement was assigned to a
corresponding CST frame, Figure 7-22b. The maximum airflow pressure was detected at frame
65 (15.011ms); the recorded piston chamber pressure had its maximal value at frame 70
measuring 182.86mmHg. The relative difference between the airflow and the piston chamber
pressure was 5.1% over the 140 frames.
7.4.1.5

Airflow profile at the object plane of the CST Scheimpflug camera system

The airflow pressure across the central horizontal plane had an extent of 12 measurement
points {x1;x2 = 6;18}, corresponding to 7.2mm across; the area which was affected by more than
90% of the maximum pressure was between {x1;x2 = 15;16}, 1.2mm, Figure 7-23a and b. The
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air puff could be distinguished from the sensor noise for 93 frames (21.483ms) and had its
maximum at frame 65 (15.011ms), Figure 7-23c.

Figure 7-23: Relative airflow pressure (M2) at the central horizontal plane a) 2D profile of the
spatial and temporal distribution, which was separated b) across the central horizontal plane
(spatial distribution) and c) over time (temporal distribution).

The increasing phase (zero to maximum) of the profile was longer (15.011ms), than the
decreasing phase (maximum to zero; 6.468ms), pressure was considered as zero when the
pressure reading was not distinguishable from the sensor noise. The increasing and decreasing
phase of the temporal distribution can be divided into three different intervals: 1. the initial slow
rise or fall of the airflow pressure, 2. a sharp increase or decrease and 3. plateau at maximum,
Figure 7-23b, c and Table 7-4. During the increasing phase the pressure rose by 8.94mmHg/ms.
The decreasing pressure phase showed a much steeper decline of -11.18mmHg/ms.
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Table 7-4: Temporal distribution of the relative airflow pressure
at the central horizontal plane at 11mm distance (M2, n=10)
Phase

Airflow pressure (%)

Frame

Rel. slope

R2

0.01 to 0.09

9

> 0.000

0.949

Slow

0.09 to 4.52

8

0.42

0.928

Sharp

5.80 to 98.14

42

2.39

0.988

99.51 ± 0.456

6

< 0.000

0.002

Sharp

98.89 to 5.54

35

-2.99

0.993

Slow

4.37 to 0.22

8

-0.54

0.917

0.22 to 0.00

27

< 0.000

0.974

Pressure free
(1) Increasing

Maximum
(2) Decreasing

Pressure free

7.4.2

ORA air puff

The ORA air puff was analysed by using the demo puff function provided by the device. The
spatial resolution of the measurement was 1mm vertically and horizontally within an area of
13x7mm.
7.4.2.1

Comparison between the provided and measured signal

For each NCT measurement the ORA provides a measure of the piston chamber pressure in
addition to the IR light intensity (Chapter I section 3.3.2, page 60 et seq.). Measurement of the
ORA airflow pressure (measured by the myDAQ) and the piston chamber pressure were
synchronised. This was challenging given that the ORA pressure values are only provided as a
graphical output with discrete numbers per frame. Therefore, different frequencies were
trialled to find the matching time domain resolution between the ORA and myDAQ output.
These trials showed the recording frequency of the ORA’s piston chamber pressure to be
equivalent to 11,000Hz, which was used for further analysis Figure 7-24c. The differences
between the provided and the recorded pressure were the highest at the decreasing edge
using a frequency of 11kHz. The average difference using 10kHz was (8.6 ± 7.58)%, 10.666kHz
(6.91 ± 6.46)% and 11kHz (5.5 ± 5.75)%.
The ORA measurements are automatically provided within a frame range of 400 frames. The
maximum of the provided discrete piston chamber pressure was reached on average after
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42.5% of the entire time (between frame 168 and 172; 15.288 and 15.652ms). Using a frequency
of 11kHz the ORA measurement duration was 36.360ms, Figure 7-24d.

Figure 7-24: Comparison between the provided ORA piston chamber pressure (black line, blue
area displays the 95%CI interval n=10) and the recorded pressure using a frequency of a) 10kHz
(orange line), b) 10.666kHz (green line) and c) 11kHz (blue line). d) Analysing the provided discrete
ORA piston chamber pressure the maximum was found after 15.470ms on average. The total
measurement time was 36.360ms (400 frames)

7.4.2.2

Temporal and spatial distribution of the flow pressure

The maximum airflow pressure of the ORA was (91.7 ± 0.72)mmHg (95%CI 91.2 to 92.1mmHg)
with a duration of (23.061 ± 0.1872)ms (95%CI 22.285 to 24.438ms). The maximum pressure,
defined as 99% quantile lasted for (1.182 ± 0.1659)ms (95% CI 1.149 to 1.212ms). The ORA airflow
affected a region of x=7mm and y=5mm (35mm2) from the measurement points {x1;x2 = 3;11}
and {y1;y2 = 2;7}, Figure 7-25a. Pressure values between 90 to 100% of the maximum were
recorded within a central area of 1x1mm (1mm2), Figure 7-25b. The pressure decreased by 39.8%
per millimetre distance from the centre towards the peripheral edges of the air puff. Within a
distance of 2.5mm circular around the maximum, the pressure reduced by 80% of the maximum,
Figure 7-25c.
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Figure 7-25: Spatial distribution of the ORA maximal airflow pressure (n=10): a) 3D map of the spatial distribution.
The bottom contour map shows the CoV of ten consecutive measurements at the respective points. Low CoV
is denoted by the blue colour, high CoV denoted by red. b) The relative pressure values were divided into
deciles. The maximum pressure (90 to 100%) was detected centrally in an area of 1mm2. c) The average spatial
distribution profile highlights the different levels of pressures affecting the analysed area. The maximal airflow
was detected centrally (red area).

7.4.2.3

Repeatability of the air puff pressure

The repeatability of the ORA airflow was assessed at the central measurement position at 11mm
sensor-to-nozzle distance. One hundred consecutive measures were taken on three separate
days over a three-week period.
Intrasessional repeatability
The intrasessional precision was found to be (3.8 ± 3.36)mmHg. The lowest level of precision
was observed at frame 216 (19.678ms) measuring 24.6mmHg. Over the range of time when the
maximum airflow pressure (±20 frames) was detected the precision was determined to be
(3.9 ± 3.44)mmHg with a CoV of 3.6%, Figure 7-26a. Across the whole measurement sequence,
the probability of intrasessional differences greater than ±10mmHg was less than 10%. In
comparison differences of ±3mmHg showed a probability of 35% between consecutive
measurements, differences between measurements higher than ±1mmHg with 52% probability,
Figure 7-26b.
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The accuracy across the entire analysed area and over the full measurement time was found to
be (2.5 ± 3.18)mmHg. The accuracy of the maximum was found by (2.6 ± 2.22)mmHg.
Concordance between measurements was found to be excellent: ICC 0.944 (95%CI 0.920 to
0.968) with Cronbach’s alpha of 0.998 (95%CI 0.997 to 0.999).
Intersession repeatability

Figure 7-26: Graphical analysis of the intrasessional (a and b) and intersessional (b and c) repeatability of the
recorded ORA airflow pressure. The contour maps (a and c) show the differences between measurements over
time. Low numbers are denoted by the blue colour, high values denoted by red. The time range around the
maximum airflow pressure is highlighted within the dotted box and the respective time frame of the maximum
is shown by the white dotted line. The histograms (b and d) presents the total number of difference bins (left
ordinate) and the cumulative relative percent (right ordinate) of the difference magnitude (abscise).

The intrasessional precision was found to be (2.7 ± 3.62)mmHg. The lowest level of precision
was observed at frame 219 (19.929ms) measuring 20.3mmHg. Over the range of time when the
maximum airflow pressure was detected (±20 frames) the precision was determined to be
(2.8 ± 2.48)mmHg with a CoV of 3.0%, Figure 7-26c. Across the whole measurement event, the
probability of intersessional differences greater than ±10mmHg was less than 5%. In

- 123 -

Chapter III: System Analysis
comparison differences of ±3mmHg and ±1mmHg showed a probability of 29% and 47%,
respectively, Figure 7-26d.
The accuracy across the entire analysed area and over the full measurement time was
(2.5 ± 3.18)mmHg. The accuracy of the maximum was found be (2.0 ± 1.60)mmHg. Concordance
between measurements was excellent: ICC 0.949 (95%CI 0.920 to 0.968) with Cronbach’s alpha
of 0.974 (95%CI 0.997 to 0.999).
7.4.2.4

Influence of the distance between nozzle and pressure sensor

The airflow pressure and the sensor-to-nozzle distance demonstrated an inverse relationship:
the ORA airflow pressure increased with reduced distance between the nozzle and the sensor
tube opening, Figure 7-27a. At a distance of 0.5mm, the airflow pressure was (114.3 ± 1.47)mmHg
and at 25mm (5.4 ± 0.66)mmHg. Up to 11mm distance, the pressure decreased by 1% for each
0.7mm increase in distance, which corresponds to ±1.4% change in pressure per millimetre,
respectively. Between 11mm and 25mm distances the airflow pressure changed by ±1% for
every ±0.2mm distance corresponding to 6.2% per millimetre, Figure 7-27b. The duration of the
pressure application at each measurement point also decreased with increased distance by
±4 frames/mm (R2=0.772, p=0.000). Thus, a duration change of ±1ms occurred for a ±2.75mm
distance change.

Figure 7-27: Graphical analysis (n=10) of the ORA airflow pressure at different measurement
distances a) over time (y-axis) and distance (x-axis). b) Distribution of the relative maximal pressure
(blue) and duration (green) at each distance. The coloured areas show the 95%CI of the respective
mean.

The profile of the maximum pressure over distance was described as a Boltzmann sigmoidal
function (R2=0.980, c2= 22.232), E 7-14, E 7-15 and Figure 7-28.
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The largest difference between the measured and calculated profile were found to be
12.2mmHg at 0.5mm distance. The average difference between 1 to 26mm was ±1.3mmHg
(95%CI -3.8 to 1.1mmHg). 59.1% of the measured values lied in the range 95%CI of the fitted
curve.

Figure 7-28: Comparison between maximum pressure measured
(continuous line) and calculated (the grey area shows the error
band) at different distances. The differences between both
profiles are given at the bottom (calculated-measured).

7.4.3

Comparison between the central CST and ORA airflow pressures

The airflow pressures of the CST and the ORA were recorded using a frequency of 4330Hz and
measured at the central measurement point {x;y = 0;0}. The frequency was chosen to be equal
to the high-speed camera frame rate of the CST. Thus, a time frame of 140 frames (32.332ms)
was analysed. The maximum ORA airflow pressure occurred at the frame 170 (of a total 400). In
order to match the output of the CST, the ORA data was converted to 140 frames with reference
to the total and maximum frame, and thus, the maximum pressure was set at frame 60.
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Figure 7-29: Graphical analysis of comparison between the CST (blue) and ORA
(green) airflow pressure over time with the respective 95%CI error bands (n=10).
The time of respective maximum is highlighted (vertical dotted lines). The
differences (CST-ORA) are shown in the diagram below.

The ORA air puff measurement commenced at 0.693ms and lasted for 23.061ms, 2.5% longer
than the CST air puff, Figure 7-29. The maximum airflow pressure for the ORA was reached
1.155ms before the CST maximum. The ORAs pressure maximum was 4.9% smaller and more
curved than the CST (skewness: ORA 0.657, CST 0.549, kurtosis: ORA -1.113, CST -1.322). The
duration of the maximum pressure was of shorter with the ORA (1.182 ± 0.1659)ms than the CST
(1.317 ± 0.1116)ms. The airflow pressures were not statistically significantly different over time
(t[277.1]=0.628 p=0.531). The mean difference between the ORA and CST airflow pressures was
(2.6 ± 4.07)mmHg (95%CI from -5.5 to 10.6mmHg), Figure 7-29.

The maximum airflow pressures changed over time while the cross-section was approximately
constant in the pressure of both devices. The spatial and temporal distribution of the airflow
pressures could be described by a Gaussian function, E 7-16 and Table 7-5. The curves fitted to
the airflow pressure of both the ORA and CST did not follow a normal distribution (p<0.050).
𝑃𝑃∂∑∏π∫©ª (𝑡𝑡, 𝑎𝑎) = 𝑃𝑃Ω∂≤ (𝑡𝑡) ∙ 𝑒𝑒

u[∙

(∂u∂æø¿)
ªø¡

pairflow
t
pmax
w

= Airflow pressure (mmHg)
= time (ms)
= Maximum airflow pressure (mmHg)
= Width (unit of a)

E 7-16

Comparing the two main meridians of the spatial distribution (t=t[pmax]) in the horizontal p(x)
and vertical p(y) meridians both devices show minor differences CST Dp(x,y)=(0.6 ± 0.45)% and
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ORA Dp(x,y)=(-0.4 ± 1.19)%, Figure 7-30 . Thus, both air puffs can be considered as rotationally
symmetrical.

Figure 7-30: Graphical analysis of the fitted Gaussian curves for the spatial distribution of CST (a) and ORA (c).
The differences (dotted black line) between the horizontal spatial airflow pressure (blue) distribution and the
vertical (green) is in both devices in the range of the maximum airflow negligibly small.
Table 7-5: Characteristics of the fitted Gaussian curves for the spatial and temporal distribution of both
airflow pressures (a, a(pmax) and w are components of the respective equation; R2, c2, skewness, kurtosis
describes the quality of the fit). The interval of the parameter a is referred to a Cartesian coordinate system,
mean(a)=amax-amin.
Distribution
Spatial
horizontal

CST

Spatial
vertical

CST

Temporal

CST

ORA
ORA
ORA

7.5

a

a(pmax)

w

R2

c2

Skewness

kurtosis

x
(mm)

5.81±0.013

2.79±0.03

0.998

0.745

0.896

-0.747

7.02±0.011

2.4±0.03

0.996

1.968

1.126

-0.271

y
(mm)

5.98±0.014

2.75±0.04

0.997

0.895

0.611

-1.171

5.00±0.021

1.6±0.05

0.999

10.272

1.082

-0.371

t
(frames)

62.29±0.152

40.6±0.43

0.999

9.678

0.567

-1,216

59.59±0.056

38.5±0.15

0.999

1.225

0.643

-1.132

Discussion

Understanding the fundamental physical characteristics of the CST or ORA airflow pressures is
vital when assessing corneal biomechanics using both devices. The present study reports on
the development of a robust methodology to investigate the temporal and spatial
characteristics of the NCT air pressure.

7.5.1

CST airflow pressure

On review of the literature, it is evident that comparisons between study findings are
challenging due to significant variation in methodology and analysis. Previous attempts to
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characterise the CST air puff have involved numerical or computer simulations, Table 7-1
(Metzler et al., 2013a, Bahr et al., 2015, Kling et al., 2014).
The investigation by King el al. (2014) is most similar in approach to the present study. Using a
differential pressure sensor Kling et al. investigated the temporal distribution of the central CST
air puff and observed the maximum pressure at the corneal surface to reach 120mmHg for
27.50ms although the authors noted, that only 20.63ms contributed to the corneal deformation.
Having fitted the temporal pressure profile with a linear function for the pressure increase and
decrease, the study found the increasing phase had a duration of 18.2m/s in comparison to
9.3m/s for the decreasing phase; hence showing that the rising edge changes 64.2% slower
than the decreasing edge.
In comparison, Metzler et al. (2013a, b) used hot-wire anemometry at different sensor-to-nozzle
distances to obtain measures of the CST airflow velocity. Between 9mm and 12mm, the air puff
velocity was found to be above 90m/s whereas at the nozzle it was over 100m/s. Using the
Navier-Stokes equation for static, frictionless flows with constant density (with rair=1.2041kg/m3
and p0=101.325kPa) the pressure at the corneal plane (11mm) and nozzle can be estimated to
be 100.9mmHg and 124.6mmHg, respectively.
In a numerical simulation study, Bahr et al. (2015) assessed the airflow pressure at the corneal
surface defining the maximal airflow velocity to be 80m/s at the nozzle (Bahr et al., 2015).
According to their simulation, the maximal airflow pressure at the corneal surface was found to
be approximately 2.3kPa (17.3mmHg) (Bahr et al., 2015).
In the present study, at 11mm sensor-to-nozzle distance the central CST pressure was
(96.4 ± 1.42)mmHg lasting for (21.483 ± 0.2881)ms. In comparison to previous studies, these
measures are lower in both magnitudes of pressure and duration. In regard to the temporal
profile, the increasing phase of the pressure was found to rise by +8.94mmHg/ms for 9.702ms
while during the decreasing phase the pressure fell by -11.18mmHg/ms for 8.085ms. These
values suggest a sharper change than suggested previously. The pressure change between
0.5mm distance (directly at the nozzle) and 11mm distance was -27.0mmHg (-21.9%) in
comparison to the findings of Metzler et al. (2013a, b) by -23.7mmHg (-19.9%).
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Significant differences in the procedures and components used between studies are likely to
contribute to the variation in results observed in the literature. Only King et al. (2014) also used
a piezoresistive pressure sensor to investigate the airflow pressure. Kling et al. (2014) used a
differential pressure sensor which was trialled in the development phase of this study. The
preliminary investigation into the variability of the sensors revealed that peripheral air streams
around the differential pressure sensor tube opening had a significant influence on the
measured value, leading to an overestimation of the recorded value. King et al. (2014) provided
limited information on the experimental set-up, subsequent data manipulation or the number
of repeated measurements and thus, the comparability between the both studies is limited.
Metzler et al. (2013a, b) pursued a different approach assessing the airflow velocity. The
investigators used a hot wire anemometer, no details regarding the experimental set-up,
variability and repeatability of the measurement positions and results were reported. However,
the tenability of relating airflow velocities to pressure values can be questioned given that the
wire of the hot-wire anemometer is placed perpendicular to the airflow direction: Integration of
measurements across the wire length (1-3mm) leads to an overestimation of the maximal
stagnation pressure.
Numerical simulations are limited by the assumptions used during modelling. As such, in their
simulation model, Bahr et al. (2105) assumed the velocity at the nozzle to be 80m/s, i.g. the
dynamic stagnation pressure of the air puff was 52.1mmHg. It may be that the investigators used
the values published by Grolman (1972) describing the prototype of the NCT, with an air puff
velocity within the range of 83.3 to 111.1m/s (Grolman, 1972). The values reported by Grolman
(1972) appear to be underestimated as shown by Metzler et al. (2013a, b), Kling et al. (2014) as
the present study found the velocity, stagnation pressure respectively at the nozzle to be much
higher by over 100m/s (Metzler et al., 2013a), 115m/s (Kling et al., 2014) and 99.5m/s in the present
study. Using a smaller value leads to an underestimating of the pressure affecting the cornea.

7.5.2

ORA airflow pressure

Little is known of the temporal and spatial characteristics of the ORA air puff. Using a fast
response pressure sensor with a micro-aperture and an opening of 0.25mm, Luce (2005a)
investigated the vertical and horizontal spatial pressure profile of the ORA. Regarding the
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spatial extent of the air puff, 50% of the maximum airflow was found to be within 2.9mm with a
high CoV of 3% (Luce, 2005a). Furthermore, the repeatability of the absolute airflow pressure
within the central 3mm zone was high (CoV 5%) (Luce, 2005a). In a separate study the duration
was of the air puff was reported to be approximately 20ms, with a symmetrical profile for
increase and decrease edges (Luce, 2005b).
In concordance with Luce’s (2005a, b) observations, the present study shows the total area
affected by the airflow pressure to be between 7mm horizontally and 5mm vertically (35mm2);
the area of 50% of the maximum pressure was (3x2)mm (6mm2). The duration of the airflow
pressure was (23.061 ± 0.1872)ms. The repeatability of ORA airflow pressure was similar with
intra- and intersessional CoV values in the order 3.0% and 3.5% within the time frames of the
maximum.

7.5.3

Comparison between the airflow pressures of the CST and ORA

The previous study (Chapter III section 6, page 83 et seq.) - which utilised calcium alginate as an
impression material to capture the CST air puff indentation crater - demonstrated an elliptical
crater opening. Given this previous finding, it would be expected that that air puff profile of the
CST measured with the sensor would also be rotationally asymmetric. However, the pressure
map profile found in the present study for the CST was approximately circular in profile. This
supports the asertation that factors such as the experimental set-up may have influenced the
results of the previous study.
An unexpected finding is the elliptical profile of the ORA air puff detected by the sensor. It is
conceivable that set-up variability may also have led to this result. Therefore, future research
will explore the air puff indentation crater of the ORA to confirm the presence of this elliptical
profile.
On examination of Table 7-1 it is evident that there are differences in the temporal and spatial
distribution of the CST and ORA airflow pressure. The most distinctive differences were the
maximal pressure in 11mm distance (working distance), the pressure change during the
increasing phase and the area affected. In total, the CST air puff is stronger, shorter and of a
higher magnitude than that of the ORA.
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Table 7-6: Overview of the determined airflow pressure characteristics
ORA

Difference
(CST-ORA)

2.079

0.693

1.386

96.4 (96.1 to 96.6)

91.7 (91.2 to 92.1)

4.7

Max time point (ms)

15.015

13.860

1.155

Duration total (ms)

21.483 (21.427 to 21.539)

23.061 (22.285 to 24.438)

-1.578

Duration max (ms)

1.317 (1.295 to 1.339)

1.182 (1.149 to 1.214)

0.135

CST
Pressure profile
Start after (ms)
Max (mmHg)

Increase (mmHg/ms)
Decrease (mmHg/ms)

2

2

-2.06

2

-11.65 (R =0.992, p=0.000)

-0.47

45.2

35

-10

0.8

1

0

8.94 (R =0.988, p=0.000)
2

-11.18 (R =0.993, p=0.000)

11.00 (R =0.991, p=0.000)

Area
2

Total (mm )
2

90-100% max (mm )

Intrasessional / intersessional repeatability
Difference max (mmHg)

1.3 (1.67) / 1.0 (1.41)

3.9 (3.44) / 2.8 (2.48)

-

Accuracy max (mmHg)

0.9 (1.11) / 0.2 (0.57)

2.6 (2.22) / 2.0 (1.60)

-

0.946 / 0.964

0.944 / 0.949

-

5.3 / 4.4

3.6 / 3.0

-

ICC
CoV (%)

Influence of the distance between nozzle and measurement plane
Duration (ms/mm)
Equation

7.5.3.1

±0.059 (R2=0.908, p=0.000)
p67Æ =

80.412

v.vZU
𝑑𝑑
1+ û
ü
16.091
+ 23.528

±0.362 (R2=0.772, p=0.000)
p±¬@

=

103.134

1+ e

𝑑𝑑 −7.149ƒ
2.354

√

-

− 0.896

Repeatability

The average intra- and intersessional repeatability of both devices can be considered as
excellent, since the average values of precision and accuracy were found to be in the range of
the sensor's measurement uncertainty (page 100) Table 7-1 and Figure 7-31.
For intrasessional CST measurements 80% of the detected differences between measurements
were smaller than ±0.1mmHg and 90% smaller than ±0.7mmHg, Figure 7-31a. Equivalent values
were determined for the intersessional repeatability, which showed 60% off all differences were
found to be smaller than ±0.25mmHg, and 90% smaller than ±1.75mmHg, Figure 7-31a.
Lowest precision for the intrasessional and intersessional measurements was found to be
±2.4mmHg and ±3.2mmHg, respectively which were detected when comparing the maximum
airflow pressures. In the range of the maximum airflow pressure (96.4mmHg=12.852kPa), the
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sensor had a measurement uncertainty of ±6.346mmHg. Thus, the detected maximum
differences were within the uncertainty range of the sensor.
The ORA showed lower levels of repeatability for intrasessional and intersessional
measurements, Figure 7-31b and d. Lowest precision was found to be ±24.5mmHg for
intrasessional and ±20.5mmHg for intersessional measurements, Figure 7-31a. The lowest
precision for intrasessional measurements was found at frame 216 (19.656ms) and airflow
pressure by (54.9 ± 8.41)mmHg and for intersessional measurements at frame 219 (19.929ms)
airflow pressure (42.5 ± 6.41)mmHg.

Figure 7-31: Graphical analysis of the CST (a and c) and ORA (b and d) airflow pressures
precision for intrasessional (a and b) and intersessional (c and d) measurements. The
vertical line represents the respective maximum difference.

The uncertainty of the sensor in the range of the airflow pressure when the maximum
differences occurred, was ±5.795mmHg, ±5.698mmHg, respectively. Thus, even if the average
precision was found within the measurement uncertainty of the pressure sensor, individual
extrema cannot be explained by the influence of the measurement set-up. Another influencing
factor could be the different atmospheric pressure between the various measurement days.
The atmospheric pressure ranged from 748.59 to 774.96mmHg. However, neither the average
values of atmospheric pressure of the respective days weren’t significantly different nor the
magnitudes of the airflow pressure at frame 219 correlate with the difference of atmospheric
pressures:
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×

day 1: patm=774.96mmHg, pORA(t=219)=(37.5 ± 6.73)mmHg,

×

day 2: patm=748.59mmHg, pORA(t=219)=(32.2 ± 6.37)mmHg,

×

day 3: patm=769.01mmHg, pORA(t=219)=(50.8 ± 6.41)mmHg.

Random trial measurements over several months revealed the individual fluctuation in airflow
pressure during the decreasing phase. Although the atmospheric pressure might influence the
airflow pressure on different days, the variety of 100 consecutive measurements at one day
(intrasessional) cannot be explained by the effect of atmospheric pressures. The differences
between the ORA measurements are clinically relevant, by having a 50% chance to reach
pressure differences between consecutive measurements of ±1.5mmHg and 10% odds of
differences higher than ±11.0mmHg within one day, ±7.5mmHg within different days
respectively. The magnitude of the airflow pressure has a direct influence on the obtained IOP,
since the P2 value of the ORA metrics is derived during the decreasing phase. In general, the
application of higher pressures would lead to an earlier corneal applanation which results in a
lower IOP and vice versa. The main difficulty, however, is that the variation found was random
and therefore not correctable.
7.5.3.2

Influence of the distance between nozzle and pressure sensor

The distance between the corneal plane and device nozzle has a significant influence on the
airflow pressures at the cornea. The study showed that the airflow pressures of both, the CST
and ORA decreased with increasing distance. The estimated pressure change was ±2% per
500µm when assessment was conducted around at the conventional distance between corneal
plane and sensor (9.5-12.5mm) ±2.0mm, Figure 7-32.
Considering the fact, that in healthy eyes the deformation amplitude caused by the CST air puff
was found to be approximately 1.1mm (Chapter III section 6, page 83 et seq.), it can be assumed
that the pressure impact during the increasing phase of the airflow pressure at the corneal
surface changes between the initial measurement to the highest corneal concavity by
approximately 4mmHg for both CST and ORA, Figure 7-32. Also, position changes of the
patient’s eye, caused by the reaction to the air puff, squeezing the eye or blinking, might have
an impact on the IOP reading by adding another source of random error to the overall
measurement uncertainty of tonometry. Thus, it is necessary to control for exact fixation and
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positioning of the patient’s eye and head during NCT measurements. Also, since the globe
retract up to 1.5mm (Evinger et al., 1984), it should be considered to retake a tonometry
measurement if an eye blink occurred during a NCT.

Figure 7-32: Simulated airflow pressure depended on the distance between device nozzle and measurement
plane in the range of the corneal distance (9.5 to 12.5mm) a) for the CST and b) for the ORA. The approximate
corneal deformation amplitude during NCT measurement and the induced pressure change are highlighted.

7.5.4

Limitations

During the development of the experimental set-up five different sensors were trialled to
investigate the airflow pressures. It was important that the sensors had the following
characteristics: stability, time invariance and linearity. Additionally, the sensor needed to detect
small pressures (0 to 20kPa) within a short time (approximately 0.01ms). Thus, the static force
sensor FlexiForce A401 was not applicable for the experiment due to its longer detection time
and low sensitivity in the range of forces examined. In the use of the differential compensated
pressure sensor, MPX2300DT1XYZ it was found that the construction was unsuitable for the
experiment since the peripheral air streams had a strong influence on the test result. The same
problem appeared with the use of the two differential pressure sensors (MPXV5050DP case
1351-01, MPX5050DP case 857C-05). Thus, the gauge pressure sensor MPXV5050GC was chosen
for this experiment.
As discussed previously, the used pressure sensor had an input depended on the measurement
uncertainty. The measurement uncertainty of the sensor limited the lower range of the detected
pressure. Thus, airflow pressures lower than 5.4329mmHg could not be distinguished from the
sensor noise. Also, due to the sensor noise, the maximum air puff pressures varied in the range
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of the uncertainty. To reduce the influence of the measurement uncertainty for each airflow
pressure value, at least ten consecutive measurements were conducted and averaged.
Other sources of errors were the developed methods to assess the airflow pressure
distribution. Using the developed grids (Chapter III section 7.3.4.1, page 107 et seq.) the
introduced random error for the CST was smaller than for the ORA. A photo of the position of
the sensor tube and nozzle was captured for each measurement for both CST and ORA.
Subsequent, the pictures were used to analyse the nozzle-sensor position for the horizontal,
vertical distance and depth. The position accuracy for the CST was in total ±0.03mm for the
spatial, distance and repeatability assessments. The variability of the position of the tube
opening and the ORA nozzle was higher by ±0.94mm in total and included the inclination of the
ORA nozzle. The highest variability was detected during the assessment of the repeated spatial
distribution ±2.59mm. Taken this into consideration, it was decided to investigate the
repeatability of the ORA only for the central position.
The novel measurement procedure described in this study had two main sources of random
errors: the electrical components, sensor and digital oscilloscope, and the procedure to obtain
spatially and distance distribution of the respective air puff. In order to minimise the random
errors, the detected signal has undergone a smoothing procedure and the relative nozzle to
sensor position was controlled by using real-time monitoring and capturing the position for
each measurement. Additionally, the environmental conditions like temperature, humidity and
noise level were kept as stable as possible. A systematic error of the measurement procedure
was not detected.

7.6

Conclusion

In the present study, a method was developed and evaluated to investigate the flow-pressure
characteristics of air puff tonometers. Using piezoresistive, monolithic silicon, temperature
compensated; gauge pressure sensors it is possible feasible to obtain in-depth knowledge
about the physical description of the air puff pressure.
The CST and ORA airflow were assessed using the developed method as well temporally as
spatially. The CST air puff effects a larger corneal area is stronger and lasted for a shorter time
as the ORAs. The repeatability of the CST is on a high level for both, intrasessional and
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intersessional measurements. Whereas the repeatability of the ORA was found to be lower and
individual extrema would have a clinical impact. Maximal differences between ORA airflow
pressures up to 24.5mmHg were recorded. A systematic error could not be obtained; in this
study, the differences could be classified as random. Also, the influence of the distance
between measurement plane and device nozzle can have an impact on the obtained IOP.
It could be demonstrated that the herein study was able to develop the first consistent and valid
method to measure the airflow pressure and to evaluate factors, like spatial distribution and
distance influence.

What we knew:
1.
2.
3.
4.
2.

What we know now:

The airflow velocity of NCT devices directly at
the nozzle is about 300 to 400km/h.
The CST maximal pressure is in the range
between 17 to 120mmHg.
The increasing edge of the temporal profile of
the CST airflow pressure is flatter than the
decreasing edge.
The airflow pressure lasts for approximately 20
to 30ms.
The corneal area affected by the air puff has an
approximate dimension of 3 to7mm.

1.
2.

3.
4.
5.
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A valid method is available to assess a NCT
airflow pressure spatially and temporally.
The maximal pressures were found centrally in
CST by 96.4 mmHg after 15.013ms and lasted for
21.483ms and in ORA by 91.7mmHg after
15.453ms and lasted for 23.061ms.
The spatial dimension of the CST air puff is in
total 45.2mm2, and ORA 35mm2.
The CST airflow pressure is highly repeatable,
whereas the ORAs showed a lower level of
repeatability.
The distance between device nozzle and
measurement plane has an impact on the
effecting pressure magnitude, particularly in the
distance to the corneal plane.
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8

Globe movement during an air puff measurement

Purpose: During non-contact tonometry (NCT), the globe retracts into the orbit. With the
CorvisST, it is firstly possible to assess the whole eye movement during NCT. This study aimed
to evaluate the whole eye movement measured with the CorvisST (CST).
Method: Three consecutive measurements at one visit were taken from 20 healthy Caucasian
subjects (f:m 13:7; mean age (31.3 ± 5.6) years, range 21 to 39 years). Each NCT measurement a
high-speed camera (HSC) video was recorded simultaneously to the CST. The videos were
edited and analysed with a tracking software to measure the globe movement. Conventional
statistics were used to describe and analyse the data. Reproducibility and repeatability were
evaluated.
Results: The mean globe movement during a CST air puff measurement recorded with HSC
reached its amplitude after (19 ± 2.2)ms by (385 ± 144.5)µm and with CST after (21.6 ± 0.70)ms by
(317 ± 68.5)µm. The reproducibility of the globe movement of the magnitude of the amplitude in
HSC was 0.648 (ICC), in CST 0.710 (ICC) and at the time point with HSC 0.758 (ICC) and CST 0.609
(ICC). Consecutive measurements were not statistically significant different neither with HSC
nor CST. In the range of the amplitude, the HSC and CST retraction were not statistically
significantly different in the magnitude and significantly different in the time (two-tailed t-test
for paired samples, amplitude p=0.457, time p=0.001).
The asymmetry between the nasal and temporal eye side movement was found to be
statistically significant by (182 ± 55.5)µm differences in amplitude’s magnitude. Thus, a novel
method to derive the whole eye movement of the corneal displacement matrix was developed,
which considers the significant asymmetry of movement and the actual corneal deformation
area by the air puff. The proposed method consists of six steps, resulting in the corneal
deflection matrix.
Conclusion: HSC recorded globe movement corresponds highly with the whole eye movement
provided by the CST. Therefore, the study provides clear evidence that the CST detects the
globe retraction and protraction caused by the air puff during a NCT measurement
automatically as the parameter whole eye movement (WEM). Considering the significant
difference between the nasal and temporal retraction, the proposed procedure to derive the
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WEM component out of the displacement matrix minimises this difference, reflects the actual
area without deformation and takes the asymmetry in retraction into account. The resulting
corneal deflection component is completely corrected for the WEM.

Keywords: Whole eye movement • CorvisST • Ocular Biomechanics • bulbar movement • NCT
• Air puff measurement

Acknowledgement: Oculus Optikgeräte GmbH partially supported this research by loaning the
high-speed camera system.
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8.1

Introduction

The human ocular bulbus sits within the bony orbit and is surrounded by retrobulbar fat. The
bulbus is attached to four Cartesian orientated recti muscles and two diagonal oblique
muscles. The six muscles retain residual torque even in the absence of fixation (Adler et al.,
2011). Therefore, a constant force is applied to the globe which ensures the correct globe
positioning. The retrobulbar fat is structural fat providing stability and mechanical protection to
the eye. Additionally, the retrobulbar fat acts as a buffer to compensate for the inward pressure
of the eyelids during blinking or application of external force, i.e. rubbing of eyes. The fat allows
for ocular globe retraction into the orbit; Figure 8-1 studies have shown retraction in the order
of 1.5mm during spontaneous blinking (Evinger et al., 1984, Riggs et al., 1987).

Figure 8-1: High-speed camera frames of a human eye (healthy Caucasian female, 36years, OD) during
spontaneous blinking; The ordinate refers to the corneal apex and the abscissa to the middle of the lower lid
initially. a) The first picture shows the eye directly before blinking. b) Next, the lid is closed three-quarters after
22ms after the onset of blinking, and the globe retracted 333µm (initial x-position subtracted from the current
position). c) The last picture shows the eye shortly before lid close. The retraction increased again of 334µm to
667µm in total. (© 2017 Oehring, D)

Bulbar retraction is seen during NCT measurements, following the application of the air puff
onto the cornea. The air puff causes an inward movement of the globe into the orbit and hence
displaces the corneal plane (Koprowski et al., 2015a). Since IOP measurements with noncontact tonometry are based upon a quasi-linear correlation between applanation time and IOP
(Grolman, 1972, Shields, 1980), it can be assumed that failure to compensate for globe retraction
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leads to an overestimation of the detected magnitude and timing of the corneal deflection,
resulting in inaccurate IOP values.
Until now technical limitations have precluded an investigation into the exact nature of bulbar
retraction during NCT. The CorvisST (CST) is a non-contact tonometer with an integrated highspeed camera (Chapter I section 3.3.1, page 55 et seq.). The CST software provides a measure
of the whole eye movement (WEM) during corneal deformation by tracking the movement of
the corneal surface at the outermost points in the periphery, Figure 8-2. The magnitude of the
WEM is then used to correct the detected corneal deflection to avoid an overestimation of the
magnitude of the corneal deflection and all related parameters. Corneal deformation is
considered as the entire response of the globe following application of airflow pressure via the
air puff; whereas deflection refers to the corneal shape change only.

Figure 8-2: Graphical evaluation of the CST deformation. a) Schematic of the
cornea during CST measurement, green shows the cornea initially and yellow at
highest concavity. The total analysis area of the Scheimpflug image is +/-4.0mm (4 nasally, +4 temporally). The globe retraction is highlighted in blue at the
peripheral sides of the scheme. The total corneal displacement includes the
corneal deflection (red) and the globe retraction. b) Original CST images during
CST measurements shows the initial cornea (surface highlighted in green) and the
cornea during the highest concavity (surface highlighted in yellow), at the
periphery, the globe retraction is displayed (blue arrows). (© 2017 Oehring, D)

Only a limited number of studies have examined WEM with the CST. Ruao et al. (2015) did not
identify any significant difference in WEM pre-cataract (0.37 ± 0.06)mm at (22.90 ± 0.93)ms and
post-cataract, (0.38 ± 0.07)mm at (22.97 ± 0.63)ms surgery (Ruao et al., 2015). Valbon et al. (2014)
investigated 76 eyes of cataract patients retrospectively, one day before and after surgery and
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reported significant differences between the two measurements but did not provide WEM data
(Valbon et al., 2014a).
There is a significant lack of knowledge regarding bulbar retraction in healthy human eyes
during NCT measurements. As such the aim of this study was to evaluate the globe retraction
caused by the CST air puff by comparing the bulbar retraction during CST air puff via both the
inbuilt CST software and the custom-designed high-speed camera (HSC) set-up. Furthermore,
a new method of analysis to eliminate the total portion of WEM on the corneal deflection was
developed by considering the area without deflection and eye side.

8.2

Methods

The study examined 20 healthy Caucasian subjects (13 females, 7 males; mean age (31.3 ± 5.6)
years, range 21 to 39 years). On-axis CST measurements of left eyes were conducted three
times consecutively at one visit. Between each measurement a two-minute interval was
allowed, to minimise any possible artefactual changes to the ocular tissues and fats after
application of the air puff (Kampmeier et al., 2000).

8.2.1

High-speed camera

A monochrome HSC system (MotionBLITZ Director2 Kit, Mikrotron GmbH; Unterschleissheim,
Germany) was used to record the palpebral aperture size and globe movement during the air
puff measurement. This system included the HSC Mikrotron EoSens CL MC1362, an on-board
frame grabber and the MotionBLITZ Director2 operator software (V3.6.7). The HSC system was
set at a frame rate of 3,030 fps with a horizontal and vertical resolution of 560x320 pixels to record
the globe movement during CST measurements. The ring buffer of the frame grabber allowed
to capture videos with a length of 3.9s. To synchronise the HSC and CST videos, the sound of
pressing the CST joystick button (to initiate the air puff measurement) was used as a trigger
signal. Based on the horizontal and vertical resolution of the HSC system, a Tokina AT-X PRO M
(Canon; Tokyo, Japan) macro lens with a zoom range of 100mm, (maximum aperture of F/2.8,
and angle of view 24°30’) was mounted in front of the HSC. The lens provides a field of view at
the plane of the eye of 20x20mm at 550mm distance and 15x15mm at 435mm distance.
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8.2.2

Experimental set-up

For optimal imaging, HSC recordings require high levels of luminance and hence a customdesigned ring illuminator was constructed to illuminate the eye. The illuminator constituted 48
infrared LED (17.2V, 5.5A) and 50 white light LED (19.0V, 7.0A) lights mounted on a 50cm diameter
ring, Figure 8-3a. The ring illuminator was fixed on the CST body, Figure 8-3b. Pilot work on the
set-up compared HSC video capture of the eye with white light and IR illumination. Videos
captured with white light appeared too dark for accurate analysis and any further increase in
illumination would lead to subject discomfort. In comparison, since IR is not visible to the human
eye, it has the advantage that it provides optimal illumination without causing glare or
discomfort for the subject.
A lux metre (RS Pro R105, V10860) was used to record the luminance immediately before the air
puff measurement. The light intensity at the corneal plane was (0.01 ± 0.012)lx. A direct current
generator (CSI3005X5 Bench Power Supply, Circuit Specialist Inc.) was used to power the ring
illuminator to avoid flickering of the light.

Figure 8-3: Experimental set-up: a) The ring illuminator constructed of 48 infrared and 50 white light LEDs.
For HSC recording IR LEDs were used. b) The light ring was mounted at the CST facing the volunteer's
eye. c) Complete set-up showing the participants head, the illumination ring, the CST and perpendicular
to the CST nozzle the HSC as well as the computer screen with real-time video. (© 2017 Oehring, D)

The HSC was placed orthogonal to the CST, with the intersection point at the centre of the
cornea of the subject’s left eye, Figure 8-3c and Figure 8-4a. HSC was positioned at 550mm
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distance from the eye to ensure the image of the corneal surface was in focus. A conventional
microphone was placed next to the joystick of the CST to record the sound of the CST button
being pressed. The computer, which connects the HSC and CST, was used to process the audio
signal captured by the microphone. Following the air puff measurement, the HSC recordings
were exported as .avi files (codec H.264) with 33fps and the colour profile SD 6-1-6 for further
image processing, Figure 8-4b.

Figure 8-4: a) Schematic of the experimental set-up. The subject’s left eye is parallel to the air
puff nozzle at 11mm distance and orthogonal to the HSC at 550mm distance. b) Example (ID6,
first measurement) of a recorded HSC video illustrating the various stages of the corneal
deflection events. (© 2017 Oehring, D)

8.2.3
8.2.3.1

Image processing
Globe movement tracking

The recorded HSC videos were imported into the video analysing software Tracker (V4.92;
Douglas Brown, 2016). The software enables manual as well as automated object tracking and
provides automatically the x and y position of a point being tracked over time.
After importing the video into the tracking software, each video had to be edited for further
analysis, Figure 8-5. The frame range was determined by manually identifying the presence of
the Scheimpflug slit beam. The first frame was identified as the image where the slit was initially
visible, and the final image was the point where the slit beam was last present, Figure 8-5. To
analyse the movement of the globe during the measurement a tracking point needed to be
identified for each video. The tracking point was a defined area of (3x3)px located 50px below
the inferior pupil’s edge. Trial analyses demonstrated, that this defined position and size of the
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tracking point was unaffected by the indentation of the air puff and a contrast gradient of
approximately 40% could be ensured. As the tracking software compares the position of the
defined tracking point within two consecutive frames, it is necessary to define an area and
contrast gradient which is constant over the entire analysis time, Figure 8-5. Another important
consideration was that the tracking point needed to be small to avoid artefactual noise. After
setting the tracking point and setting the software parameter to define the tracking sensitivity
(specific software parameter: evolution rate 10%, minimum match score 2) the video was
automatically tracked. Subsequently, the horizontal displacement (x-axis) of the globe over
time was exported as .dat files and imported into Excel for further analyses.

Figure 8-5: Flow chart of the procedure to analyse the HSC videos. The
turquoise point and square in the third step of the procedure highlights
the tracking point, which was used to record the globe movement. The
evolution rate and match score are in-built evaluation criteria that ensure
high-quality tracking. (© 2017 Oehring, D)

8.2.3.2

Corneal displacement matrix

To compare the HSC globe movement and CST WEM, the CST raw data was used. For the
following analyses, the raw data for each measurement was transferred into the displacement
matrix (LCST(c,t,d), E 8-1) and imported into MatLab. The visual evaluation of the dynamic ocular
movement videos revealed that the ocular response to the air puff (E 8-1, Figure 8-6a) is
composed of three key stages: the initial shape of the cornea LCST(c,t=0,d) (E 8-2, Figure 8-6b),
the whole eye movement LWEM(c,t,d) (E 8-3, Figure 8-6c) and the corneal deflection LCD(c,t,d) (E
8-4, Figure 8-6d).
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LCST(c,t,d) = LCST(c,0,d) + LWEM(c,t,d) + LCD(c,t,d)

c

LCST Norm(c,t,d) = LCST(c,t,d) - LCST(c,0,d)

t

= Position at the cornea
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Figure 8-6: 3D plots of the corneal deformation components: a) entire ocular response to the air puff
LCST(c,t,d); b) LCST(c,0,d), initial corneal surface shape. The remaining components of the corneal
deformation during air puff are the c) inverse whole eye movement LWEM(c,t,d) and d) the inverse corneal
deflection over time LCD(c,t,d). (© 2017 Oehring, D)

Using proprietary on-axis CST air puff measurements corneal deflection occurs within the
centre of the analysis area. To assess the bulbus movement the most peripheral points of the
analysis area (c=±4.0mm, Figure 8-6) were used as it is assumed that these points are not
affected by the air puff indentation. To compare the temporal and nasal bulbus movement the
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outermost points (c=±4.0mm) of the CST analysis area at the corneal anterior surface were
extracted from the displacement matrix LCST(c,t,d).
8.2.3.3

Palpebral aperture size

Since eye lid closure causes globe retraction, Figure 8-1 (page 139); the palpebral aperture size
was measured at three points during HSC capture of the deformation event following
application of the air puff: initially (0ms), at the mid-point (after 18ms) and at the end (after 36ms).
At each of the three stages the respective video frame was extracted and imported into Power
Point, and the palpebral aperture size was measured and defined as the distance between the
upper and lower lid margin.

8.3

Results

The following analysis includes descriptive statistics of the bulbar movement recorded with the
HSC and the WEM provided by the CST. Twenty subjects were examined three times
consecutively. The three measurements of a subject’s eye were averaged, and the harmonic
mean was then used for further analysis.

8.3.1

Participants

The inbuilt CST software provides an automatic measure of CCT and IOP. The mean CCT and
IOP were (565 ± 12.4)µm (95%CI 559 to 570µm) and (14.9 ± 1.42)mmHg (95%CI 14.1 to 15.7mmHg),
respectively. The anterior ocular surface was examined with a video topographer (K5M, Oculus
GmbH; Wetzlar, Germany) before and after the experimental study; no changes occurred to the
status of the anterior ocular surface.

8.3.2

HSC – globe movement

The globe movement during a CST measurement recorded by HSC reached its amplitude after
(19 ± 2.2)ms (95%CI 18 to 20ms), with a magnitude of (385 ± 144.5)µm (95%CI 313 to 457µm),
Figure 8-7a and c.
On application of the air puff, there was an initial (10 ± 2.9)ms static period after which the globe
retraction (blue) commenced for (11 ± 3.2)ms. This was followed by a static period with a mean
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velocity ±1µm/ms for (2 ± 1.1)ms and a subsequent protraction of the globe (green) for
(10 ± 2.3)ms, Figure 8-7. The retraction and protraction durations showed no significant
difference (t(19)=0.718 p=0.483), Figure 8-7c.
The retraction reaches a maximum velocity of (118 ± 20.5)µm/ms at (18 ± 0.8)ms, Figure 8-7b.
Following this, there was a gradual slowdown of the globe movement until it reached maximum
retraction. The protraction that followed had a mean velocity of (35 ± 33.2)µm/ms which was not
significantly different to the retraction (46 ± 14.1)µm/ms (t(19)=1.650 p=0.117), Figure 8-7b.

Figure 8-7: Graphical analysis of the globe retraction derived from HSC (Tukey box plots,
n=20) - highlighted retraction phase (blue), static during maximum (grey) and protraction
phase (green) - shows: a) globe retraction over time with the 95%CI error band, b) the
globe velocity over time with 95%CI error band. c) The magnitude and time of the
amplitude are displayed. d) The duration of the initial static, retraction, static during
maximum and protraction movement are shown. No statistically significant difference
was found between the duration of the retraction and protraction of the globe (two-tailed
t-test for paired samples). e) Comparison between the mean velocity during retraction of
the globe and protraction of the globe also showed no significant difference (two-tailed
t-test for paired samples).

The difference between three consecutive measurements was on average (39 ± 51.9)µm
(95%CI 16 to 62µm). The best individual match was found with a mean difference of 7µm
(95%CI 2 to 12µm) and the poorest with a 47µm difference (95%CI 20 to 74µm). The results of the
consecutive measurements showed no significant difference (F(19)=3.145 p=0.051). The CoV of
the globe retraction magnitude was 12%, (ICC 0.648, 95%CI 0.153 to 0.934; Cronbach’s alpha
0.847) and the CoV for the time point was 7% (ICC 0.758, 95%CI 0.326 to 0.958; Cronbach’s alpha
0.904).
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8.3.3

CST – whole eye movement

The maximum WEM during was detected after (21.837 ± 0.6824)ms (95%CI 21.538 to 22.136ms)
and was (317 ± 68.5)µm (95%CI 287 to 347µm), Figure 8-8a and c.

Figure 8-8: Graphical analysis of WEM provided by the CST (Tukey box plots, n=20) highlighted slow retraction (light blue), retraction (blue), static during maximum (grey)
and protraction phase (green) - shows: a) globe retraction over time with the 95%CI error
band, b) the globe velocity over time with 95%CI error band. c) The magnitude and time
of the amplitude are displayed. d) The duration of the initial static, retraction, static during
maximum and protraction movement are shown. No statistically significant difference
was found between the duration of the retraction and protraction of the globe (two-tailed
t-test for paired samples). e) Statistically significant difference was found when
comparing mean velocity during retraction and protraction (two-tailed t-test for paired
samples).

The results demonstrated that bulbar retraction began after (0.965 ± 0.1868)ms. The retraction
was relatively slow initially (light blue) progressing at a rate of (5.512 ± 1.1807)mm/s for
(10.970 ± 1.8682)ms,

followed

by

a

highly-accelerated

retraction

phase

(blue)

for

(9.456 ± 1.0220)ms with a mean velocity of (31.947 ± 7.9033)µm/ms. Subsequently, there was a
static period with a mean velocity ±1µm/ms for (0.642 ± 0.2916)ms. The protraction of the globe
(green) then occurred for (9.635 ± 0.6805)ms, Figure 8-8a, b, d and e. The retraction and
protraction durations show no significant difference (t(19)=0.504 p=0.621), Figure 8-8c. However,
the velocity of the protraction was slower (28.286 ± 6.9161)µm/ms relative to that of the
retraction (t(19)=4.607 p=0.000). The 95%CI of the differences between retraction and protraction
velocity was from -5.310 to -1.978µm/ms (R2=0.555), Figure 8-8b and e.
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The average difference between three consecutive measurements was (39.7 ± 25.53)µm. The
highest accordance was found at the beginning until the amplitude was reached with a mean
difference of (13.7 ± 12.23)µm. The protraction movement showed lower levels of reproducibility
with a mean difference of (38.6 ± 10.00)µm. Consecutive measurements showed no significant
difference (t(19)= 0.190 p=0.695). The CoV for the amplitude was 6.0%, (ICC 0.710, 95%CI 0.245 to
0.948; Cronbach’s alpha 0.880) and the CoV of the time point was 1.4% (ICC 0.609, 95%CI 0.102 to
0.924; Cronbach’s alpha 0.824).

8.3.4

Comparison of the globe movement between HSC and CST results

The differences of amplitudes were calculated by subtracting the CST WEM from the HSC globe
movement, Table 8-1. Thus, negative differences indicate higher values detected by CST and
positive differences higher magnitudes from HSC. The concordance was good when examining
the time point (ICC 0.508, 95%CI 0.068 to 0.782; Cronbach’s alpha 0.674) and was moderate when
considering the amplitude’s magnitude (ICC 0.203, 95%CI -0.278 to 0.603; Cronbach’s alpha
0.338).
Table 8-1: Descriptive analysis of the differences between the globe retraction amplitudes measured with
HSC and CST (n=20; two-tailed t-test for paired samples, Pearson correlation)
Mean (SD)

UR 95%CI

LR 95%CI

p

r

p (r)

2.4 (2.40)

1.2

3.6

0.001*

-0.213

0.198

-16.8 (102.30)

-63.1

30.3

0.457

0.673

0.003*

Duration retraction (ms)

-1.2

-2.8

0.5

0.154

0.045

0.430

Duration protraction (ms)

-0.3

-1.4

0.9

0.658

0.013

0.480

Time (ms)
Magnitude (µm)

* statistically significant (p<0.005)

No significant autocorrelations between HSC and CST values were found (Durbin-Watson,
magnitude 1.651, time 1.953; p>0.050). Therefore, the relation between the HSC and CST
measurements can be described as linear. In the present analysis, the WEM provided by CST
underestimated the magnitude of the amplitude in comparison to the HSC (slope [0.5 ± 0.02]µm,
95%CI 0.4 to 0.5µm). The CST detected the highest retraction 2.4ms later then the HSC (slope
[0.28 ± 0.031]ms, 95%CI 0.21 to 0.34ms), Figure 8-9c. Both slopes were significantly different from
zero (amplitude: F(19)=560.9 p=0.000; time: F(19)=79.1 p=0.000).
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Figure 8-9: Graphical analysis of the globe displacement in comparison for HSC and CST
measurements (n=20): a) average displacement over time presented is the 95%CI band
of the mean; distribution of the differences (Tukey box plots) of the b) amplitude’s
magnitude and c) the time when the amplitude was and duration of retraction and
protraction reached.

8.3.5

Influence of the palpebral aperture sizes on CST WEM

The palpebral aperture size varied at the three-time points assessed during this study
(F(3)=107.5 p=0.000). Post hoc assessment revealed that the aperture size initially
(10.1 ± 1.11)mm, at 18ms (12.0 ± 1.13)mm and at 36ms (9.1 ± 1.52)mm all differed significantly,
Figure 8-10. There was no significant correlation between the WEM amplitude (magnitude, time)
and the palpebral aperture size at the three-time points, Table 8-2. No significant association
was found between WEM amplitude (magnitude, time) and the three palpebral aperture sizes.

Figure 8-10: Graphical analysis of the a) palpebral aperture size (Tukey box plots, n=20). The
palpebral aperture size was significantly different between the time points (see text). b) The
changes of the palpebral aperture size show that the highest difference was found to be
between 18ms and 36ms. The diagram displays the mean with the 95%CI.
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Table 8-2: Correlation between palpebral aperture size and WEM (n=20; Pearson correlation, linear
regression with WEM as abscise and palpebral aperture size as ordinate)
r

95%CI (r)

p

Slope

Intercept

R2

Palpebral aperture size initially (@0ms)
Amplitude (µm)

-0.110

-0.561 to 0.391

0.674

-0.0 ± 0.01

10.6 ± 1.31

0.012

Time (ms)

0.350

-0.157 to 0.711

0.168

0.6 ± 0.39

-2.3 ± 8.57

0.123

Palpebral aperture size at the middle of the measurement (@18ms)
Amplitude (µm)

0.135

-0.470 to 0.491

0.959

0.0 ± 0.01

12.0 ± 1.34

0.000

Time (ms)

0.379

-0.125 to 0.727

0.144

0.6 ± 0.39

-1.6 ± 8.59

0.144

Palpebral aperture size at the end of the measurement (@36ms)
Amplitude (µm)

-0.412

0.745 to 0.0861

0.101

-0.1 ± 0.01

11.9 ± 1.65

0.169

Time (ms)

0.283

-0.229 to 0.672

0.271

0.6 ± 0.56

-4.7 ± 12.1

0.080

8.3.6

Asymmetry between temporal and nasal globe movement

The average displacement in the range of the amplitude’s magnitude was (406 ± 84.8)µm (95%CI
317 to 495µm) nasally after (20.983 ± 0.8445)ms and (224 ± 58.7)µm (95%CI 163 to 286µm) after
(20.752 ± 1.2518)ms, Table 8-3 and Figure 8-11a to c. The amplitude’s magnitude of the globe
movement was found to be asymmetrical: significantly greater nasally and different to the CST
WEM (magnitude F(3)=64.0 p=0.001; time F(3)=0.725 p=0.474), Table 8-3 and Figure 8-11a to c.
Table 8-3: Descriptive analysis of the differences between the temporal and nasal globe movement values
in the range of the amplitude (n=20; Post hoc for the amplitude’s magnitude)
Mean (SD)

Median

IQR

Max

Min

p

Difference between nasal and temporal globe movement
Magnitude (µm)

182 (55.5)

Time (ms)

0.231 (0.9240)

177

88

252

117

0.001*

0.231

0.693

1.617

-1.155

-

Difference between nasal globe movement and CST WEM
Magnitude (µm)

93 (28.2)

Time (ms)

-0.922 (1.8762)

94

45

126

59

0.001*

-0.961

1.000

2.310

-3.383

-

Difference between temporal globe movement and CST WEM
Magnitude (µm)

-89 (27.6)

Time (ms)

-1.153 (2.2612)

-84

43

-58

-125

0.001*

-0.961

0.502

2.079

-5.000

-

* statistically significant

The differences were calculated by subtracting the temporal (c=+3.998mm) displacement
values from the nasal (c=-4.000mm) values. Thus, negative differences indicated that the
temporal globe movement was greater than nasal. The CST WEM values provided by the device
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were used, Chapter III section 8.3.3 (page 148). Results were calculated using the average
displacement matrix of three consecutive measurements for each subject.

Figure 8-11: Graphical analysis of the globe movement provided by CST (n=20): a) over time, nasal (blue),
temporal (red) and CST WEM (grey). Comparison of the globe movement amplitudes (Tukey box plots): b) of
the magnitude (p* = FDR two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli) and c) the time
point.

8.3.7

Novel method to determine the WEM

Currently, CST determines the WEM by averaging the bulbar displacement of the outermost
points of the analysis area over time (d1[c=-4.000mm,t] and d2[c=+3.998,t], Figure 8-6, page 145).
This method does not consider the significant asymmetry between the nasal and temporal
globe movement found in this study (page 151). To account for this asymmetry across the
horizontal meridian, a novel method to calculate the WEM was developed.
The emphasis of the proposed method is to consider two main aspects of the globe movement
caused by an air puff. The first is the asymmetry between nasal and temporal movement and
the second is the movement of the whole corneal surface unaffected by corneal deflection to
eliminate the influence of artefacts in the peripheral area like lashes (Figure 8-12b blue and red
transparent boxes).
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Figure 8-12: Schematic to highlight the main emphasis of the novel method to
calculate the WEM during CST air puff measurements. a) Corneal Scheimpflug
image initially, before the air puff affected the corneal surface. The anterior
surface is highlighted (green, dotted curve). b) Comparison of the initial
Scheimpflug image (green, dotted curve) and the image at the highest
deformation (yellow, dotted curve). The transparent boxes show the area without
corneal deflection and the coloured boxes the peripheral areas of the corneal
deflection (nasally highlighted in blue, temporally in red). c) 3D graphs of the nasal
and temporal areas without the corneal deflection (only WEM) and the peripheral
area of the corneal deflection (LCD).

8.3.7.1

Calculation procedure

The basis of the novel procedure is the LCST(c,t,d) matrix (Chapter III section 8.2.3.2, page 144).
To normalise the data, the corneal shape LCST(c,0,d) was subtracted from the displacement
matrix: this provided a normalised displacement matrix LCST Norm(c,t,d), step 1 in Figure 8-16.
Using the matrix LCST Norm(c,t,d), the slope of the secant between the respective outermost point
(c=-4.000mm and c=+3.998mm) and each measurement point across the cornea up to the centre
was calculated. The calculation of the slope was conducted separately from the nasal outer
point (c=-4.000mm) to the centre (c=0.0mm) and from the temporal outer point (c=+3.998) to the
centre (c=0.0mm) progressively for each measurement point, Figure 8-13. The calculation of the
secant slope resulted in a gradient matrix Lslope(c,t,s), Figure 8-14a and step 2 in Figure 8-16.
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Figure 8-13: Schematic illustration of the progressive linear regression procedure to calculate the slope per
pixel. a) The corneal displacement is detected by using a contrast edge detection method for an area of 3x3
pixels subsequently across the corneal surface. b) The slope for the WEM procedure is the change in orientation
of the connection between the outermost points (c(t) at -4 and +4) and each following pixel across the corneal
surface progressively till the c(t)=0.000mm position is reached.

Figure 8-14: Graphical illustration of step 2 to 5 of the novel procedure to determine the WEM during CST air
puff measurements: a) 3D plot of the gradient matrix Lslope(c,t,s); b) the average secants slopes (black line) with
the single SD error band (grey area) over the analysis area; c) the first derivate of the sum of mean slope and
single SD with highlighted (red circles) points of zero of the last pass of the derivate function, which x-values
represents the boundaries of the area with and without corneal deflection; d) schematic of the corneal surface
(light grey: initial shape, dark grey: shape at highest concavity), to display the affected area by the air puff
indentation and the area which shows no deflection only movement behaviour.

To differentiate between the area of the cornea with and without corneal deflection the SD of
the secant’s slope over time per measurement point was used, Figure 8-14b and step 3
Figure 8-16. The standard deviation was chosen to determine the spread of the slopes for each
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point along the corneal surface. Within the area without corneal deflection – representing the
WEM - the variance and the magnitude of the slope during the complete measurement time was
small for each individual measurement points. The slope starts to increase or decrease,
respectively, in the area of corneal deflection. Thus, the standard deviation increases sharply,
Figure 8-14. To quantify the slope’s SD variation, the first derivate of the mean sum of the slope
added to the SD has to be calculated, using a numerical approach, Figure 8-14c and step 4
Figure 8-16. Within the area without corneal deflection, the first derivate oscillates around the
ordinate, which is caused by the minor slope changes, Figure 8-14a to c: whereas, within the
peripheral area of the corneal deflection the first derivate shows a distinct behaviour, either
increasing or decreasing, Figure 8-14. Thus, the last pass of zero on the x-axis represents the
respective boundary of the area without corneal deflection, Figure 8-14c and d and step 5
Figure 8-16.

Figure 8-15: Interpolation procedure of the displacement values between the WEM boundaries.
a) 3D plot of the raw globe movement data without corneal deflection. b) Complete WEM matrix,
resulted from the interpolation of the corneal displacement values using a fitted linear function,
to connect the boundaries for each frame.

Knowing the c-values of the boundaries of the area without the effect of the air puff indentation,
the penultimate step of the procedure is to interpolate the displacement values in the area
between the WEM boundaries. For this, a linear function is fitted between the both c-values of
the WEM boundaries for each frame separately, across the corneal surface, Figure 8-15 and step
6 in Figure 8-16.
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Figure 8-16: Flow chart of the procedure to determine the WEM with regards to the
unaffected range of corneal surface by the air puff indentation and the movement
asymmetry. On the right, the different resulting matrices are plotted in 3D, starting with
the raw data matrix provided by the CST, followed by the normalised matrix and then the
plot of the WEM calculated with the proposed procedure. The last plot shows the corneal
deflection corrected by the new WEM.

8.3.7.2

Globe movement of the study cohort determined by novel procedure

The proposed procedure to derive the WEM component from the displacement matrix
minimises errors and reflects the actual area without deformation while taking the asymmetry
of retraction into account. The resulting corneal deflection component is corrected for the
WEM.
Case discussion
Currently, the CST software provides measures of deformation amplitude, the time and length
of the first and second applanation, the radius and time of the highest concavity as well as the
corneal velocity, corneal thickness and IOP. The WEM has an impact on all parameters which
are derived from the corneal deflection over time, Figure 8-17 and Table 8-4. The impact of this
novel procedure to determine and eliminate the WEM from the corneal deflection is shown by
discussing one cohort individual (ID5, OS, female 36years old). At the time of the first
applanation (A1), the globe was retracted by 42µm (95%CI 42 to 43µm), at the time of the HC the
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globe moved 317µm (95%CI 313 to 320µm) posteriorly and at the second applanation (A2) it
moved 471µm (95%CI 465 to 477µm). At the end of the measurement, the eye was still retracted
by 123µm (95%CI 118 to 129µm). Also, the asymmetry of the retraction increased over time: at
A1 the difference was 23µm, which increased to 180µm at HC, reaching 274µm at A2; at the end
of the measurement the retraction asymmetry remained at 240µm. Averaging the WEM,
indicated a systemic error of corneal displacement of ±12µm at A1, ±90µm at HC and ±137µm at
A2. However, even the small change appearing at A1 had an influence on the IOP. The IOP
provided by CST is linearly associated with the time when the first applanation is reached. The
time difference at A1 was 0.462ms, which is equivalent to an IOP of ±1mmHg.

Figure 8-17: Graphical analysis of the corneal displacement of subject ID5 (OS, 36years old
female, IOP=16.0mmHg) in comparison to the initial shape (green) for the first applanation (A1,
red), highest concavity (HC, violet) and the applanation two (A2, grey) derived from a) CST and
b) the novel method. Additionally, for each method, the 3D plots of the cornea deflection with
highlighted time frame for the respective method is shown at the right side. Vertical grey dotted
lines display the boundaries of the area without corneal deflection, cWEMnasal =-3.384mm and cWEM
temporal=3.308.
Table 8-4: Parameter comparison between novel and provided method for subject ID5
(OS, 36years old female, IOP=16.0mmHg)
Provided by CST

Novel method

A1

HC

A2

A1

HC

A2

Time (frame)

31

73

97

29

71

95

Length (µm)

1902

-

180

1918

-

1372

Velocity (mm/ms)

186

-

-95

230

-

-286

Deflection amplitude (µm)

273

1178

552

96

870

116

Peak distance (mm) vs. Deflection area

Peak distance 4.622

Deflection area 6.692

6.575

6.865

Radius (mm)
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Sample population
In the present sample population, the nasal displacement of the globe was 1.81x greater than
the temporal displacement (page 151). Thus, by averaging the WEM component, the corneal
deflection is derived with a systematic error by half of the displacement difference between the
outermost edges. The second step of the procedure was to calculate the gradient matrix
Lslope(c,t,sm). For this the limits of the area without corneal deflection needed to be determined.

Figure 8-18: Graphical analyses (Tukey box plots) of the distribution of the a) boundaries
of the area without corneal deflection between nasal (blue) and temporal (red) side. b to
d) show the comparison between measurements of the CST and derived by use of the
novel method of the parameter related to the first applanation (b), the highest concavity
(c) and the parameter related to the second applanation (d). The length of the A1 and all
related parameter of A2 were found to be significantly different between the methods
(two-tailed t-test for paired samples, n=20).

In the present sample population, the average boundaries were found to be:
×

cWEMnasal(t)=(-3.316 ± 0.2359)mm and

×

cWEMtemporal(t)=(3.306 ± 0.0762)mm.

Thus, 17% of the analysed corneal area was unaffected by the air puff. The average boundary
locations between both sides showed no significant difference (∆=(0.010 ± 0.2285)mm,
t(19)=0.166 p=0.870), Figure 8-18a. Significant differences were found for all parameters related
to CST measures of A2 and the determined parameters with the novel method, Table 8-5 and
Figure 8-18c. A1 length was found to be significantly different, Table 8-5 and Figure 8-18b.
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Table 8-5: Mean differences between the CST parameter and the parameter determined by using the novel
method (two-tailed t-test for paired samples, n=20)
A1

HC

A2

CST

Novel

p

CST

Novel

p

CST

Novel

p

Time
(frame)

7.312
(0.150)

7.461
(0.460)

0.127

16.530
(0.2526)

16.480
(0.3470)

0.595

22.080
(0.3649)

21.260
(0.1618)

<0.001*

Length
(µm)

1.902
(0.0199)

1.398
(0.3285)

<0.001*

-

-

-

1.856
(0.2564)

1.323
(0.2505)

<0.001*

Velocity
(m/s)

0.180
(0.0209)

0.184
(0.0343)

0.681

-

-

-

-0.330
(0.0579)

-0.286
(0.0497)

<0.001*

* statistically significant (p< 0.005)

8.4

Discussion

The present study is the first to evaluate globe movement during NCT measurement using a
high-speed camera system (HSC). The study showed novel findings of the globe retraction
amplitude in magnitude and time point. A comparison was also conducted between the HSC
records of the movement behaviour and the CST WEM. Due to the asymmetry of the globe
movement, a method was proposed, which allowed a more accurate correction of the corneal
deflection for the globe movement component.

8.4.1

CST WEM in comparison to the HSC globe movement

The CST incorporates Scheimpflug high-speed camera imaging during the air puff
measurement. The CST high-speed camera captures a corneal segment of 8mm - 4mm either
side of the apex which is divided into 572pixels (Figure 8-2, page 140). This technique allows a
detailed analysis of the corneal and globe movement subsequent to the application of an air
puff. The recorded corneal displacement matrix represents three components: the initial
corneal shape, the corneal deflection and the WEM. To derive the IOP and to describe the
deflection behaviour of the cornea, the WEM component has to be eliminated from the corneal
deflection. The proprietary software of the CST derives the WEM by averaging the displacement
of the outermost edges of the analysed corneal area per time frame (at c=+/- 4mm) and
interpolates the displacement values within the outermost edges using this average
(Koprowski, 2014).
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As previously discussed, the CST captures the cornea without providing images or data of the
whole globe. Thus, it was uncertain if the WEM provided by the CST shows the actual globe
retraction and protraction caused by the air puff. To compare the actual globe movement with
the WEM, the experimental study was conducted. The globe movement was captured with an
HSC system alongside the CST NCT measurement. The globe retraction and protraction was
derived by tracking the globe movement captured with HSC.
The concordance was moderate for the magnitude of retraction between the two methods; this
was mainly dictated by the different time resolution of each method. The HSC had a frequency
of 3,030Hz, whereas the CST recorded with a resolution of 4,330Hz. Thus, the CST was able to
detect much smaller changes in the movement behaviour than the HSC.
Discrepancy was found between the time points for maximum amplitude. The HSC detected
the maximum later than the CST by (-2.4 ± 1.58)ms. The regression analysis confirmed the
results, ordinate the WEM and abscise HSC globe retraction. An excellent level of linear
correlation in the range of the amplitude’s magnitude was found. The best-fit values for the
slope showed that the CST underestimates the amplitude’s magnitude of retraction by 1:2µm
(slope [0.5 ± 0.02]µm). Additionally, the coefficient for the slope of the amplitudes time revealed
the findings; the HSC detected the maximal retraction earlier. Using the linear regression, it
could be shown that the time delay was 3.6ms (slope [0.28 ± 0.031]ms). The reason for this timedelayed detection is likely to be due to the method in which the processing range of the HSC
videos was set, Chapter III section 8.2.3.1 (page 143). The first appearance of the light slit of the
CSTs Scheimpflug camera was used to set the starting point of the HSC video range. According
to the manufacturer, this light slit does not have a constant timing and appears before the
initialization of the air puff. Whereas the CST measurement does not start until the cylinder of
the hydraulic system to generate the air puff begins to move. If the pre-detection time was
corrected by 3.6ms then the coverage rate of the time domain measurements was improved,
from 56% (Figure 8-9a, page 150) to 83%, Figure 8-19. These finds confirm that the CST WEM is in
concordance with the HSC globe retraction.
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Figure 8-19: Graphical analysis of the globe displacement determined
(relative to the respective maximum) with HSC and CST in comparison
(n=20): HSC time was corrected by 3.6ms. The graph shows the average
displacement over time, presented is the 95%CI band of the mean (dotted
line, light grey area HSC; dashed line, dark grey area CST).

8.4.2

Central tendency and reproducibility of WEM

Little is known about the reaction of the globe to an air puff during NCT. A study assessing the
biomechanical properties of cataract patients before and after surgery, found the average WEM
to show no significant difference pre- and post-surgery (Ruao et al., 2015). Only one study has
assessed the globe reaction to the air puff in detail from an engineering and image processing
point of view (Koprowski et al., 2015a). The investigators reported lower values of WEM when
examining ten healthy volunteers (aged between 18 to 82 years, graphical validation of the
central tendency). Furthermore, the study reported an average WEM in one of the subjects with
an amplitude range of 8px with a standard deviation of 1.9px corresponding to a WEM of
(249 ± 26.3)µm. The average magnitude of the amplitude in the present study was found to be
(317 ± 68.5)µm. In regard to reproducibility, the present study showed a higher level of
reproducibility (CoV: magnitude 6.0%, time 1.4%) than previously found by 10% for the
amplitude’s magnitude (Koprowski et al., 2015a).
The differences between results from the literature and the findings of the present study are
likely to be due to factors relating to age and number of participants assessed. Ruao et al. (2015)
examined elderly patients with cataract before and after surgery with a mean age of
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(73 ± 7)years which is considerably higher than the mean age ([31.3 ± 5.6] years) of the subjects
assessed in the present study.
During a lifetime, the quantity of retrobulbar fat increases steadily (Sachsenweger et al., 1966).
Between the ages of 15 to 35 years, the human eye is comprised of 1.8g of retrobulbar fat (fresh
weight); this increases to 4.6g between 50 to 70 years. In addition the lipid content increases
from 68% between 15 to 35 years to 72% at 50 to 70 years of age (Sachsenweger et al., 1966). It
could be anticipated that the increase in the amount and stability of the retrobulbar fat over age
would lead to a decreased in WEM, contradicting the findings of the present study and that of
the literature. These observations could suggest that the quantity of retrobulbar fat in healthy
humans does not primarily influence the WEM changes with age.
Other factors relating to age-related muscle loss that start at 50 years of age and, accelerates
after 70years may partly explain the present findings (Derby and Akhtar, 2014). The muscle mass
decreases annually by approximately 1 to 2% from the age of 50 years. Subsequent, the loss in
muscle strength starts at the same age by 1.5% per year but increases after 60years to about 3%
loss annually. The reasons for this change are assumed to be the age-related decrease in the
anabolic and a predominance of catabolic processes as well as malfunctions of cellular
processes in the muscle fibres (Derby and Akhtar, 2014). Furthermore, experimental studies
have shown that in the primary position, the eye muscles are constricted by approximately 0.05
to 0.1N (Kaufmann and de Decker, 2004) with a rigidity of 32.79N/m (Leonhardt, 1992). Weber
(2008) simulated the bulbar retraction based on the rigidity of the ocular muscles and reported
the magnitude of retraction caused by an air puff was a maximum of 44µm after 14.88ms. In view
of the present findings, where WEM was observed to range between 280 to 400µm, the rigidity
of the ocular muscle seems not to dictate the retraction behaviour. It may be surmised that with
the decrease in muscle strength over age the resistance that must be overcome to set the eye
in motion also subsequently decreases, resulting in greater WEM.

8.4.3

Retraction asymmetry

The CST calculates the WEM by interpolating the displacement values of the corneal surface
from the average values of the outermost edges over time. The CST procedure does not
account for the retraction asymmetry between the nasal and temporal regions of the eye. In the
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present study, the nasal outer edge movement was found to be significantly greater than the
temporal movement. The difference in the range of the amplitude’s magnitude was
(182 ± 55.5)µm and time (0.231 ± 0.9240)ms, Figure 8-20. These observations suggest that the
effect of the air puff was not significantly delayed temporally, but that the size of the effect was
significantly increased nasally, Figure 8-20c. These findings are supported by the results from
the previous study (Chapter III section 6, page 83 et seq. and Chapter III section 7, page 92 et
seq.) - where the temporal and spatial characteristics of the airflow pressure of the puff were
examined – which demonstrated that the profile of the air puff is symmetrical. Hence it is unlikely
that this temporal/nasal asymmetry is a consequence of the air puff and more a result of
differences in the ocular biomechanical response between the temporal and nasal side.

Figure 8-20: Schematic drawing of the position of the OS globe in primary gaze in top view a) initially before the
air puff reached the globe and b) at the maximum globe retraction. The lines on the side represent the horizontal
straight eye muscles. At the highest globe retraction, the nasal side (highlighted with the blue dot) showed a
higher displacement as the temporal side (red dot). This led to a rotation of 1’21.92’’ in this cohort. c) The
retraction started contemptuous nasally and temporally but reached different maximums. (© 2017 Oehring, D)

One study assessed the asymmetry of retraction between the nasal and peripheral side, to
distinguish between left and right eye with an accuracy of 7% (Koprowski et al., 2015b).
Koprowski et al. (2015) stated that the globe response is directly associated with the collapse
of the Müller’s muscle during application of the air puff CST measurement. Furthermore, the
investigators also suggested that difference in the retraction time may be associated with the
location and differences in the insertion point of the lateralis rectus ([6.77 ± 0.61]mm from
limbus) and the medialis rectus ([5.99 ± 0.80]mm from limbus) (Villarreal-Silva et al., 2013); such
that the time delay is related to the speed of response of these two muscles.
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Figure 8-21: Schematic drawing of the a) OS bulbus (front view) with the four-straight extra orbital muscles and
the insertion areas according to Villarreal-Silva et al. and b) the orbital mechanics at the stationary status of the
bulbus (top view) at balanced torques from the rectus lateralis (red) and medialis (blue).
(© 2017 Oehring, D)

The arc of contact of the medialis and lateralis muscle is 6.33mm and 13.25mm, respectively, in
primary gaze, Figure 8-21a. Both muscles hold tonic tension loads of 0.05 to 0.1N (Kaufmann and
de Decker, 2004). The total load is depending on the different components: in primary gaze,
each of the extra orbital eye muscle is stretched, even if it is not innervated. Low-level
innervation is present in all ocular muscles even if the eye is stationary (isometric contraction).
Furthermore, the passive orbital tissues, namely the conjunctiva and ligaments, are elastic and
preloaded in primary gaze (Kaufmann and de Decker, 2004). It may be assumed that the
preloaded condition for each part of the extra orbital system is equal in primary gaze and,
should not lead to differential retraction behaviour during application of symmetrical inward
pressure. Koprowski et al. (2015) supposed that retraction could be based on the difference in
muscle insertion of the horizontal straight eye muscles. However, this is contradicting to the
physiological state of torques in primary gaze. In primary gaze, the torques applied by the
ocular muscles are in equilibrium, and this balance remains unchanged as long as the torques
remain unchanged, Figure 8-21b. As soon as a force changes this balance, the eye moves until
a new equilibrium is reached. The rate of change of the eye movement is dependent upon the
magnitude of the difference between the applied torques (Demer, 2007). Since the applied
force of the air puff is perpendicular to the torque plane and does not indicate a rotation, the
eye muscles should not be innervated during the air puff measurement. Additionally, the latency
time to innervate the extra orbital eye muscles based on the short optokinetic reflex is
approximately 85ms (Gellman et al., 1990, Miles, 1997). So that the muscle reaction would have
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an effect on the WEM after the measurement since the air puff affects the eye only for
(21.483 ± 0.2881)ms (Chapter III section 7.4.1.1, page 112).
The tonus of the extraocular muscles should remain consistent over the duration of the air puff.
However, the posterior/temporal insertion of the oblique OEMs may provide some resistance
to a posterior eye movement on the temporal side. Furthermore, the shape of the orbit itself
could explain the asymmetry between the nasal and peripheral retraction. The orbit is formed
by parts of various cranial bones and has an approximate conformation of a four-sided pyramid,
whose base is anterior (Adler et al., 2011). In total, the orbit contains a mass of 30cm3 in volume
which constitutes muscle, ligaments, fat and the main part the bulbus, Figure 8-22 (Zaldivar et
al., 2010). As may be seen in the MRI image, the volume of retrobulbar fat on the temporal side
is greater than on the nasal, Figure 8-22c. When applying an air puff parallel to the suspension
axis of the eye muscles, the bulbus is initially pushed backwards. Due to the difference in the
retrobulbar fat between the lateral and medial sides, the globe would show rotation towards
the less resistance medial side.

Figure 8-22: Schematic drawing of the OS orbit with the bulbus and the nervous opticus with the orbital
dimensions according to Zaldivar et al. (2011): a) topographical anatomy; b) angle dimensions. c) MRI image
of the left eye (top view, with courtesy of the copyright holder) (© 2017 Oehring, D)

8.4.4

Novel method to determine the whole eye movement

In the previous Chapter, it was shown that the eye rotates in the nasal direction during an air
puff measurement. The CST eliminates this rotation by interpolating the displacement values
using the average of the outermost values across the cornea over time. This interpolation
method results in the so-called WEM component of the corneal displacement during the air puff
measurement. The nasal displacement of the bulbus was found to be 1.86x greater than the
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temporal displacement in this cohort. Thus, by averaging the WEM component, the corneal
deflection is derived with a systematic error of half the difference between the outermost
edges. The proposed procedure to derive the WEM component via the displacement matrix
minimises this error and reflects the actual area without deformation while considering for the
retraction asymmetry. The resulting corneal deformation component is corrected for the WEM.

8.4.5

Limitations

The present experimental study has several limitations which need to be considered. The main
aim of this study was to compare two methods that measure the globe response to an air puff
during NCT: the HSC globe movement and the CST WEM, with the principle assumption that
HSC detects the actual retraction and protraction behaviour. Therefore, the HSC globe
movement was used as the reference method.

The CST records the corneal displacement with a frame rate of 4,330fps. Recording the globe
retraction with HSC was limited to 3,030fps, due to inadequate lighting with higher frame rates
and the limited performance of the PC used. Therefore, the number of frames captured with the
HSC (98 frames) was 31% lower than with CST (140 frames) within the measurement time.
Despite these limitations, it was still possible to detect the globe retraction throughout the
measurement period without interruptions or noticeable undetected movements. As such it
may be surmised that, the error introduced by the unequal frame rate is likely to have a minimal
impact on the data assessed.
Unlike the CST, where a recording is triggered by the movement of the cylinder which initiates
the air puff, the HSC recording was triggered by the sound of the CST joy stick button being
pressed. The time difference between initiation of the CST and HSC resulted in a longer tracking
time for the HSC, and subsequent delay in detecting the globe retraction. Future studies should
seek to synchronise the CST and HSC recording, to improve comparability and reliability.

The statistical procedure chosen to compare the two methods of assessing bulbar retraction
as well as the and regional retraction behaviour included a parametric interferential statistic
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test and a linear regression analysis using Pearson’s coefficient. Even with the relatively small
sample size, the statistical power achieved was high in the range of the amplitude, Table 8-6 and
Table 8-7. Nevertheless, the study should be considered as an exploratory study, which
suggests differences, but not used to verify hypotheses.
Table 8-6: Post hoc power and effect size analysis t-test (n=20, a=0.05)
Differences - Mean (SD)

r

1-b

e

df

d

Magnitude (HSC vs. CST)

68 (77.8)

0.986

0.955

0.601

19

2.688

Time (HSC vs. CST)

-2.4 (1.58)

0.912

0.999

1.742

19

7.790

Magnitude
(nasal vs. temporal)

-182 (55.5)

0.928

0.999

2.499

19

2.093

Time
(nasal vs. temporal)

0.231 (0.9240)

0.928

0.999

0.216

19

0.966

Table 8-7: Post hoc power and effect size analysis bivariate Pearson’s correlation
(n=20, a=0.05, r(H0)=0.000)
R2

Lower critical r

Upper critical r

1-b

Magnitude

0.986

-0.444

0.444

1.000

Time

0.912

-0.444

0.444

0.999

8.5

Conclusion

CST detects the bulbar retraction during an air puff measurement with high levels of accuracy
and reproducibility. The magnitude of the whole eye movement in the range of the amplitude
was found to be (317 ± 68.5)µm after (21.837 ± 0.6824)ms. The study showed no significant
influence on retraction behaviour of the magnitude of palpebral aperture size during the
measurement. Recordings of bulbar retraction with the CST and HSC show high levels of
concordance. The study confirms that the measures of WEM provided by the CST are based
upon the bulbus retraction and protraction caused by the air puff during a NCT measurement.
Considering the difference between the nasal and temporal retraction, the proposed
procedure to derive WEM from the displacement matrix minimises the effect of the asymmetric
retraction. The resulting corneal deflection component is corrected for the WEM. This novel
method should derive more accurate IOP values and will allow the investigation of the
applanation behaviour more precisely. Thus, the future Chapters will use the novel method for
attaining WEM during NCT measurements.
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What we knew:
1.
2.
3.

What we know now:

Globe retracts during NCT (magnitude and time
of amplitude were unknown).
CST calculates assumed whole eye movement
during NCT.
Asymmetry of WEM between temporal and
nasal side is known but not considered.

1.
2.
3.
4.
5.
6.
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The CST WEM represents the globe retraction
and protraction caused by an air puff during
NCT.
Globe retracts during NCT in the range of
amplitude: 317µm @ 21.8ms.
The palpebral aperture size has no significant
influence on the globe retraction during NCT.
The accuracy of amplitude is 6.0%, time 1.4%.
The asymmetry of globe retraction between
temporal and nasal side is significant and has an
impact on NCT IOPs.
The novel method corrects the corneal
deformation matrix for the WEM components to
result in the pure corneal deflection matrix.
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9

Novel ocular biomechanical parameter

Purpose: The aim of this Chapter was to develop novel metrics for analysing the material
characteristics of the corneal tissue while assessing the morphological changes that occur
during non-contact tonometry. Kinematic and kinetic parameters were derived and used to
examine the effect of stress on the viscoelastic cornea in vivo. These descriptors include the
kinetic-modulus profile, energy distribution, hysteresis-loop as well as the analysis of the
compression module and the rigidity of the cornea. The secondary aim of the studies was to
examine within-subject repeatability of these novel parameters.
Method: Integral and differential methods were used to derive the new parameters based on
traditional material engineering laws for viscoelastic tissues. These calculations were based on
the corrected deformation the cornea throughout the air puff deformation. Data on the spatial
and temporal distribution of the applied air puff pressure and force was used to analyse the
applied load. The kinetic modulus graph was analysed to develop equations for the phase
difference, hysteresis, energy loss and store as well as the damping and the dynamic EModulus. In addition, expressions for the compression modulus and rigidity of the cornea were
calculated.
To assess the within-subject repeatability, 20 healthy Caucasian subjects were examined three
times consecutively at one visit. Standard procedures to estimate the repeatability were used,
including ICC(3k), within-subject differences and SD.
Results: The following kinematic material properties calculated were: applanation lengths, arc
length, corneal thickness, corneal deflection, discrete displacement volume, corneal velocity
and whole eye movement. Furthermore, all characteristics of the kinetic modulus graph could
be obtained, including phase shift, hysteresis, dynamic E-Modulus and damping. Additional
kinetic parameters are the compression modulus and the rigidity. All parameter calculations are
provided as time domain and amplitudes.
The within-subject time-domain absolute difference of the longitudinal strain was found to be
in the range of 6.9% and for lateral strain by 2.6%. Overall, the repeatability of the characteristics
of the kinematic and kinetic mechanics was found to be high.
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Conclusion: It is possible to assess both, the kinematic and kinetic material properties of the
cornea in vivo using a NCT device with an integrated high-speed camera to track the cornea
during the deformation.

Keywords: Ocular biomechanics • Cornea • Hysteresis • Elastic damping • Corneal rigidity •
Corneal deformation • Corneal viscoelastic properties
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9.1

Introduction

The term ocular biomechanics encompasses the study of ocular tissues via the application of
physical, mechanical principles of material sciences. Mechanics describes the effect of forces
on a body or tissue and can be divided into two categories: kinematics and kinetics. Kinematics
concerns the linear or angular motion of objects via its position, velocity and acceleration.
Kinetics relates to the actual force that caused the linear or angular motion.
To understand the material properties of the ocular tissues, the effects of both kinematics and
kinetics need to be explored. The anterior ocular surface of the eye is comprised of the cornea
and sclera; both are connective tissue structures with unique biomechanical characteristics. It
is widely excepted that connective tissues exhibit viscoelastic behaviours (Derby and Akhtar,
2014, Fung, 1993). Quantification of the biomechanical properties of the ocular tissues has been
mainly via ex vivo studies (Alfrey and Doty, 1945, Elsheikh and Alhasso, 2009, Gloster et al., 1957,
Schlegel et al., 1972, Woo et al., 1972b), which have confirmed the importance of these
characteristics in the pathogenesis of keratoconus (Scarcelli et al., 2014b, Scarcelli et al., 2015,
Ali et al., 2014, Andreassen et al., 1980, Moshirfar et al., 2013, Pinero and Alcon, 2015, Kling and
Hafezi, 2017a) and glaucoma (Abitbol et al., 2010, Williams et al., 2013, Wang et al., 2015).
Limitations of ex vivo studies were discussed in Chapter I section 3.2.7 (page 54). Attempts to
carry out in vivo ocular biomechanics studies have been limited to the description of the corneal
deformation during non-contact tonometry (Luce, 2005b, Hon and Lam, 2013) and the use of
vaguely proven material parameters and their interpretations (Lau and Pye, 2011, Galletti et al.,
2015), Chapter I section 3.3 (page 55 et seq.).
At low load levels, connective tissue materials show linear viscoelastic behaviour as long as the
linearity limit - a material-dependent limit - is not exceeded (Christensen, 2012),
Chapter I section 3 (page 42 et seq.). Below the linearity limit, the correlations between stress,
strain and time can be represented by relatively simple mathematical relationships and used as
material laws. The derived material laws form a basis for understanding physical material
behaviour not only in the linear limit, but also for characterising the nonlinear region. Thus, the
experimental determination of physical parameters and the measurement accuracy is of vital
importance (Alfrey and Doty, 1945, Schapery, 1969, Tschoegl, 2012).
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To describe the material characteristics of viscoelastic materials, three methods are often used
to assess the linear viscoelasticity behaviour (Fung, 1993, Derby and Akhtar, 2014, Laska and
Felsch, 2013); operator differential equations, integral representations and mechanical models.
In this thesis, integral and differential methods are used to further understand the material
parameters.

9.2

General purpose

The following analysis aimed to develop calculations for specific kinetic and kinematic
parameters to characterise the effect of stress on the viscoelastic cornea in vivo. The material
properties include the stress-strain profile, energy distribution, hysteresis-loop as well as the
analysis of the compression module and the rigidity of the cornea.
The development of the novel parameters was based on the following requirements:
×

Applicable for in vivo NCT measurements: Only for NCT devices that provide records of the
absolute or relative y-position of the corneal anterior and posterior surface during the
deformation, or devices which can combine high-speed imaging to capture the corneal
deformation. In the present thesis, the novel assessment of the ocular biomechanical
properties was based on the CST high-speed images captured during air puff
measurement.

×

Relevant for clinical purposes: The focus of the investigation into the ocular biomechanical
relationships was that the parameters are based on physical and material engineering
principles but applicable and understandable for daily clinical practice, i.e. a balance was
required to utilise the minimal number of parameters based on the least number of
examinations as well as using parameters that relate to the physiology of the cornea.

9.3

Definition and calculation of novel biomechanical characteristics

The following material properties are typically used to describe viscoelastic tissues. In order to
investigate the viscoelastic behaviour of the cornea during stress application with an air puff,
the corneal deformation profile is considered as a matrix composed of horizontal and vertical
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displacement across the corneal surface over time was examined, E 9-1. The calculations in this
thesis were performed using MatLab R2016 and Excel for Mac 2016.

Figure 9-1: Spatial and temporal match of the CST airflow pressure and the corneal deformation (Example:
healthy female, ID 3, OS, central corneal measurement) during an air puff measurement. a) Schematic of the
spatial distribution of the air puff applied to the human eye. The light blue area shows the spatial extent of the
air puff and the red the area of airflow pressure >90% of the maximum. The grey area shows the spatial extent
of the corneal deflection. b) Pressure (blue) and corneal deformation (black) profile matched over time. The
example corneal profile was provided by the CST and corrected by the proposed WEM method
(Chapter III section 8, page 137 et seq). The 3D plot shows the position of the cornea (grey) and airflow pressure
(blue) over time with highlighted planes at the maximum pressure (green), maximum deflection (orange) and
the central corneal position (yellow). The diagrams of the highlighted planes show the pressure (blue line) and
the corneal deformation (grey line). (© 2017 Oehring, D)
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An empirical assessment of the air puff (Chapter III section 6, page 83 et seq. and
Chapter I section 7, page 92 et seq.) facilitated the spatial and temporal modelling of the airflow
pressure generated by the CST. The force applied to the corneal surface is taking effect as
pressure, produced by an air puff and can be calculated by means of E 9-2.
F=p×A

p
F
A

= Pressure (Pa)
= Force (N)
= Affected area (m2)

E 9-2

The area over which the air puff applanated the cornea by greater than 1mmHg was
(86.8×10-3)m2, Chapter III section 7.4.1.1 (page 112 et seq.). The maximal force (99% quantile)
affecting the cornea was -56.0mN, Figure 9-1. The force is negative due to the effect of the
pressure on the corneal surface.

9.3.1

Induced dimension changes

Two different dimension changes must be evaluated to analyse the temporal effect of the
applied stress during an air puff measurement: longitudinal elongation (length change) and
lateral contraction (depth change). Longitudinal elongation and lateral contraction are
assessed perpendicular and parallel to the plane of the pressure application, respectively,
Figure 9-2.
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Figure 9-2: Effect of stress on the cornea: a) Schematic of the dimension changes during a NCT air
puff application. The grey area represents the initial corneal profile and the area between the dotted
lines the corneal profile at the highest deformation (HC). The arc length of the neutral plane is
defined as the green line between the anterior and posterior surface and the corneal thickness as
the differences between y-coordinate of the anterior and posterior surface. b) Graphical analysis of
the temporal and spatial arc length change (longitudinal strain). The arc length is elongated due to
the effect of the orthogonal force (F^) during pressure application. c) Graphical analysis of the
temporal and spatial corneal thickness change (lateral strain). The corneal thickness is affected by
the parallel force (F||) during pressure application. (Example: healthy female, ID 3, OS, central corneal
measurement). (© 2017 Oehring, D)

9.3.1.1

Longitudinal strain

The orthogonal effect of the applied airflow pressure on the cornea can be examined as the arc
length change of the neutral plane over time. The neutral plane was defined as the midpoint
between the posterior dps(t,c) and anterior surface das(t,c) y-position across the cornea, parallel
to the direction of the air puff in a Cartesian coordinate system. Rather than considering the
anterior or posterior surface, all analyses were performed concerning the neutral plane.
The arc length of the curved neutral plane between c1 (-4.000mm) and c2 (+3.998mm) can be
calculated using E 9-3. The temporal profile of the neutral plane was calculated using a
hyperbolic function; allowing the arc length across the horizontal corneal plane over time to be
analysed, Figure 9-3a.
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i¡

Arc length (dD ) = ÿ ûî1 + (f′(dD ))[ ü dc
iŸ

dN(t,c) = Depth of neutral plane (µm)
c
= Position at cornea (mm)
{𝑐𝑐 ∈ ℝ : -4.000 ≤ c ≤ 3.998}
t
= Time (ms, frames)
{𝑡𝑡 ∈ ℝ : (0.000 ≤ t ≤ 32.109) Ù (1 ≤ t ≤ 140)}

E 9-3

To identify whether the cornea is elongated or shortened during an application of air puff
pressure, the difference between the central radius of curvature before application of pressure
and at highest concavity (HC) was assessed, Figure 9-3b. The radius of curvature at HC was
observed to be greater when compared with the curvature before the applanation of the air
puff. These findings demonstrated that the cornea is elongated or positively strained, by the
applied airflow pressure.

Figure 9-3: a) Graphical analysis of the temporal change of the neutral plane’s arc length with
highlighted time points: A1 (applanation 1), HC (highest concavity) and A2 (applanation 2).
Until reaching HC, the cornea moves inwards, after which it moves back to its initial shape
(outward movement). b) The radius of curvature initially and at HC. The central radius of the
neutral plane initially is steeper than at HC. Therefore, the initial arc length is shorter than at
HC suggesting that the cornea undergoes transversal stretch during pressure application.
(Example: Healthy eye ID 3 OS central cornea)

Figure 9-4: Step-wise linear regression (black line represents the respective
average and the grey area the 95%CI error bands) of the longitudinal strain over
time (healthy central cornea, OD, n=113) shows three distinctive phases can be
differentiated: elongation (blue), relaxation (red) and shrinkage (green).
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Based on the calculated arc length of the neutral plane the temporal longitudinal elongation
(strain, e^) can be calculated, E 9-4. Time domain analysis of the longitudinal strain shows that
three phases can be distinguished, which are typical for viscoelastic materials: elongation,
relaxation and shrinkage; Figure 9-4. These three phases will be analysed separately using
partial linear regression analysis. The boundaries between each phase were defined as the two
points across the longitudinal strain where a change in slope was detected.
𝜀𝜀⁄ =

arc length§ − arc length§\
arc length§\

9.3.1.2

e^
arc length
arc lengtht0

= Longitudinal elongation at t (%)
= Arc length at t (mm)
= Initial arc length (mm)

E 9-4

Lateral strain

The parallel force applied to the cornea via the air puff causes a lateral strain or contraction with
a resultant change in corneal thickness, Figure 9-2 (page 175). The corneal thickness is defined
as the distance between the anterior and posterior surface, orthogonal to the anterior surface,
E 9-5. The spatial and temporal changes in corneal thickness result in a three-dimensional matrix
LCT(c,t,d), E 9-6.
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CT(t,c) = Corneal thickness (µm)
c
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t
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E 9-6

The lateral strain describes the temporal change of the corneal thickness in relation to the initial
thickness, E 9-7 and Figure 9-5. Graphical analysis of the lateral contraction shows three distinct
phases: compression, relaxation and decompression, Figure 9-5. Equivalent to the longitudinal
strain these three phases will be analysed separately using partial linear regression and the
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boundaries between each phase were determined by identifying the locations of the slope
changes.
𝜀𝜀∥ =

CT(t, c) − CT(t = 0, t)
CT(t = 0, c)

𝜀𝜀∥ = Lateral contraction (%)
c = Position at cornea (mm)
{𝑐𝑐 ∈ ℝ : -4.000 ≤ c ≤ 3.998}
t = Time (ms, frame)
{𝑡𝑡 ∈ ℝ : (0.000 ≤ t ≤ 32.109) Ù (1 ≤ t ≤ 140)}
CT = Corneal thickness (µm)

E 9-7

Figure 9-5: Step-wise linear regression (straight black line represents the
respective average and the grey area the 95%CI error bands) of the lateral strain
over time (healthy central cornea, OD, n=113, 226 eyes) shows three distinctive
phases can be differentiated: compression (blue), relaxation or oscillation (red)
and decompression (green). The decompression phase can be further defined as
moderate (light green) and high (dark green) decompression rate.

9.3.1.3

Entire deformation

The longitudinal and the lateral strain occur simultaneously. Therefore, the composite
dimension change caused by the air puff pressure is calculated as the average of the
longitudinal and lateral strain, E 9-8.
𝜀𝜀 = ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
(𝜀𝜀∥ + 𝜀𝜀⁄ ) =

9.3.2

∑(∆CTñ (𝑡𝑡) + ∆(arc length)ñ(𝑡𝑡))
𝑛𝑛

ε = Entire deformation (strain)
t = Time (ms, frame)
{𝑡𝑡 ∈ ℝ : (0.000 ≤ t ≤ 32.109) Ù (1 ≤ t ≤ 140)}
ε∥ = DCTt = Lateral strain at t
ε⁄ = D(arc length)t = Longitudinal strain at t

E 9-8

Linear viscoelastic behaviour

Fundamental to describing linear viscoelasticity is the validity of the Boltzmann superposition
principle, (Ferry, 1980, Findley and Davis, 2013, Laska and Felsch, 2013, Phillips et al., 2013) which
states that:
×

the sum of two time-dependent deformations ε1(t) + ε2(t) causes the load σ1(t) + σ2(t), when
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the deformations ε1(t) and ε2(t) create the stresses σ1(t) and σ2(t).
×

The sum of two loads σ1(t) + σ2(t) causes the deformation ε1(t) + ε2(t), when the stresses σ1(t)
and σ2(t) raise the deformations ε1(t) and ε2(t).

In addition to the Boltzmann superposition principle, there are other theoretical considerations,
such as the correspondence principle, invariance of time shift and time-temperature shift
(Bergweiler et al., 1979, Brüller et al., 1977, Neff, 2001, Wolfseher, 1987, Barti, 2002). The proposed
biomaterial properties in this thesis only apply for linear or quasi-linear viscoelastic materials.
Ex vivo studies have shown that the human corneal tissue can be categorised as such a material,
Chapter I section 3.2 (page 49 et seq.) (Alfrey and Doty, 1945, Gloster et al., 1957, Kobayashi et
al., 1973b, Schlegel et al., 1972, Spörl et al., 1996). Prior to the development of the parameters
described in this Chapter, there have been limited knowledge about the temporal and spatial
distribution of the airflow pressure of NCTs and hence limiting a comprehensive examination of
the corneal viscoelastic behaviour in vivo.

Figure 9-6: Ratio between stress and strain over time of healthy corneas
measured centrally (n=113, 226 eyes) for a and b) longitudinal and c and d) lateral
strain. a and c) The straight black line represents the average ratio and the grey
area the standard deviation error band. The graphical analysis shows that the ratio
between stress and strain is approximately constant between frame 30 and 92. b
and d) The pressure depend strain can be described by a linear function (n=113,
longitudinal strain R2=0.955, lateral strain R2=0.803). The black straight line
represents the average function and the grey area the 95% CI error band,
equations provided in the diagram.
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The analysis of the ratio between stress and strain for each biomechanical measurement
followed a linear material behaviour pattern and demonstrated a linear relationship between
stress and strain, Figure 9-6. The results indicated that the ratio between stress and strain for
the healthy central cornea (Chapter VI section 13, page 314 et seq., n=113) was approximately
constant, with an average difference of ±7% for longitudinal strain and ±13% for lateral strain
between 7.159 to 21.247ms, Figure 9-6a and c. The linear regression model for the applied
pressure and resulting strain for both longitudinal (Figure 9-6b) and lateral strain (Figure 9-6d)
showed a good fit for central measurements in healthy eyes (n=113, longitudinal strain R2=0.955,
lateral strain R2=0.803). Thus, a quasi-linear viscoelastic behaviour can be assumed (Fung, 1993).
Nevertheless, to ensure the validity of the assessment the linear or quasi-linear relationship
between stress and strain was verified for each case prior to individual analysis of the corneal
biomechanics.

9.3.3

Biomechanical kinematic parameters

In order to obtain a comprehensive evaluation of the corneal deformation behaviour during the
application of a NCT air puff, scalar and vector parameters were used to describe the timedomain corneal deformation. The CST provides a number of time-domain parameters;
however, these metrics are based upon several assumptions; the nature of which are not
accessible within the public domain. Therefore, the parameters derived in the thesis were
extracted manually from the matrix LCST(d,c,t) (Chapter III section 9.3.1, page 174 et seq.). In
addition, a novel method to eliminate the whole eye movement (WEM) from the corneal
deflection was developed to account for its artefactual effect on the biomechanical kinematic
parameters (Chapter III section 8, page 137 et seq.).
9.3.3.1

Calculations and definitions

The scalars corneal deflection, applanation length, arc length, WEM, thickness and discrete
displacement volume, as well as the vector velocity, were calculated from the corneal matrices,
Table 9-1.
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Table 9-1: Definition of the calculated time-domain scalar and vector parameters and its related extrema
Sign (Unit)

Definition

Matrix

Calculation

Extrema

Applanation
length

AL (µm)

Number of c
increments with a
slope of zero
between cn and cn+1

LCD(c,t,d)

E 9-9

A1 = AlocalMax1
A2 = A localMax2

Arc length

Arc (mm)

Arc length across c

LCD(c,t,d)

E 9-3, page 176

Amplitude

Corneal
thickness

CT (µm)

CT at c(dmax)

LCST(c,t,d)

E 9-5, page 177

Absolute
minimum

Deflection

DlA (µm)

Deflection at c(dmax)

LCD(c,t,d)

-

Amplitude

Discrete
displacement
Volume

DDV (µm3)

Displaced bulbar
volume

LCD(c,t,d)

E 9-10

Amplitude

Velocity

v (m/s)

Velocity of the
corneal surface

LCD(c,t,d)

E 9-11

v (A1)
v (A2)

Whole
eye
movement

WEM (µm)

Movement of the
globe, area without
corneal deflection

LWEM(c,t,d)

-

WEM Amplitude
for nasal and
temporal

AL(t) = ‡

V(t) = ∑

A(6)
wv[

𝑛𝑛(𝑐𝑐, 𝑧𝑧 = 0) 𝑤𝑤𝑤𝑤𝑤𝑤ℎ
𝑧𝑧 = 𝑑𝑑(𝑐𝑐Õ›U ) − 𝑑𝑑(𝑐𝑐Õ ) = 0

𝑑𝑑𝑑𝑑

𝑑𝑑(𝑡𝑡Õ›U ) − 𝑑𝑑(𝑡𝑡Õ )
𝑣𝑣(𝑐𝑐, 𝑡𝑡) = √
𝑑𝑑𝑑𝑑ƒ 𝑑𝑑𝑑𝑑
𝑡𝑡Õ›U − 𝑡𝑡Õ

9.3.3.2

AL = Applanation length (mm)
t = Time (ms, frame)
{𝑡𝑡 ∈ ℝ : (0.000 ≤ t ≤ 32.109) Ù (1 ≤ t ≤ 140)}
c = Position at cornea (mm)
{𝑐𝑐 ∈ ℝ : -4.000 ≤ c ≤ 3.998}
z = Arc length between cn and cn+1 (mm)
d = Deformation (m)
V = Volume (µm3)
𝑣𝑣 = Velocitiy (µm/ms)

E 9-9
E 9-10
E 9-11

Comparison between CST and manually calculated parameters

The CST provides time-domain measurements of the scalars delta arc length, deformation
amplitude, deflection amplitude, whole eye movement, applanation length and the vector
corneal velocity. A comparison between the proprietary CST metrics and the manually
calculated parameters was conducted to estimate the covering rate and to assess the validity
of the novel calculations for one measurement example, Table 9-2.
Table 9-2: Differences between CST and manually calculated kinematic parameters over time (differences:
average ± standard deviation, healthy eye ID 3 OS central cornea)
Difference

Maximum CST

Maximum Manually

Applanation length (mm)

-0.169 ± 0.2998

1.61

1.06

Arc length (µm)

-487 ± 579.6

132

1587

Deflection (µm)

10 ± 8.8

810

791

Velocity (m/s)

0.004 ± 0.0285

0.214

0.207
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The parameter with the maximum difference was the arc length, Table 9-2. The main reason for
this discrepancy can be found by examining the basic matrix for the calculation procedure. The
CST calculates the arc length from the raw data matrix LCST(c,t,d). The manually calculated
parameters derive the arc length from the corneal deflection matrix LCD(c,t,d), which only
includes the corneal deflection of the neutral plane caused by the NCT air puff. Since the cornea
has a curved surface, the calculated arc length using the raw data matrix results in an
underestimation of the corneal deflection, due to the high influence of the corneal curvature.
Furthermore, the shape of the arc length profile over time should be equivalent to the shape of
the corneal deflection profile over time: the point of highest corneal deflection should coincide
with maximum corneal deformation, which in return would then deliver the maximum arc length.
When derived from the corneal deflection matrix LCD(c,t,d), the arc length profile matches the
shape of the corneal deflection profile. However, this behaviour is not exhibited when the raw
data matrix LCST(c,t,d) is used.
There was also discrepancy between the CST proprietary measurement of applanation length
and the manually calculated measurement. This difference is explained by examining the
underlying assumptions that determine the length of the area without a vertical change
(slope=0) across the cornea. In the present thesis, the length is calculated using E 9-9. The
discrepancy in the measurement of corneal deflection and velocity are related to the
differences in the procedures used to correct WEM.

9.3.4

Biomechanical kinetic parameters

Mechanical kinetics describes the relationship between force or pressure and the resultant
physical reaction of the material. Intraocular pressure opposes the corneal deformation caused
by NCT. The longitudinal strain (force acting orthogonally to the air puff) is relatively larger than
the lateral strain (force acting parallel to the air puff) during applanation. Therefore, it is
expected that the energy distributions for lateral and transversal strain differ and need to be
independently assessed. To describe the stress-strain relation of the human corneas in vivo,
the calculations for compression and rigidity were derived from the hysteresis loop.
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9.3.4.1

Kinetic modulus graph

The mechanical behaviour of viscoelastic materials under time-periodic stress is defined, by the
linear viscoelastic material law the field of small oscillating units, E 9-12 and E 9-13. The phase
shift (δ) refers to a delayed response of a viscoelastic material to an applied force. In this thesis,
the phase shift describes the time delay between the initiation of the air puff and the associated
deformation curve response. The calculation assesses the time difference between the
maximum applanation pressure and the maximum corneal deformation, E 9-14. The phase shift
was analysed separately for both longitudinal and lateral strain.
σ(t) = sin(𝜔𝜔𝜔𝜔 + 𝛿𝛿)
d(t) = sin(𝜔𝜔𝜔𝜔)

δ = t(𝜎𝜎òqË ) − t(𝜀𝜀òqË )

s
t
d
ω
δ
emax

= Pressure (Pa)
= Time (s)
= Deformation (m)
= Angular acceleration (1/s)
= Phase shift (s)
= Strain amplitude

E 9-12
E 9-13
E 9-14

To investigate the material properties of corneal tissues, the kinetic modulus graph (or
pressure-strain profile) was constructed to examine the hysteresis loop. For this, the applied
pressure (s) is plotted against the determined strain (e), Figure 9-7 and Figure 9-8.
Using the kinetic modulus curves, novel metrics can be derived to characterise corneal
deformation behaviour. These deformation profiles can be described as elastic or non-linear
viscoelastic. When considering elastic or plastic materials, the material deforms immediately
when an external stress is applied. In contrast, when stress is applied to a viscoelastic material
there is a time lag for the initiation of the deformation phase. The term hysteresis is used to
characterise this delayed response of the unload relative to the load deformation: the unload
and loading response do not correspond as energy is released to the environment or
surrounding structures. The magnitude of the hysteresis is determined by the relationship
between the load and unload pressure at the mean compression point, E 9-15, Figure 9-7 and
Figure 9-8a.
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Figure 9-7: Graphical analysis of the kinetic modulus graph (Example: Healthy eye ID 3 OS
central cornea): a) stress-strain diagram with highlighted load (blue), relaxation and
unload (orange) phases, and b) defining the average and maximum compression (eavg /
emax) and pressure (savg / smax), as well as the average stress-strain curve (black dotted
line). (© 2017 Oehring, D)

H= È

𝜎𝜎∫©∂A Í𝜀𝜀∂Îa Ï − 𝜎𝜎≠Õ∫©∂A Í𝜀𝜀∂Îa Ï
È
𝜎𝜎Ω∂≤ − 𝜎𝜎Ω∑Õ

H
s
e

= Hysteresis magnitude (%)
= Pressure (Pa)
= Deformation (%)

E 9-15

Figure 9-8: a) Simulated energy distribution of the hysteresis loop. b) The energy loss (Eloss) of the system is
equivalent to the magnitude of the area between load (blue) and unload (orange) function. c) The stored energy
(EStore) is equal to the area between the average curve (black), and the average applied pressure. d) The dynamic
E-Modulus is defined as the secant modulus of the load. (© 2017 Oehring, D)

The numerical assessment of hysteresis as presented here, allows the possibility to evaluate
non-linear viscoelastic materials since they cannot be described using metrics that assess
simple angular relationships. Therefore an area parameter must be used instead as area does
not require a constant relationship between the loading and unloading deformations (Böhle et
al., 2013, Laurien and Oertel, 2013). The area between the x-axis and the unload function
corresponds to the energy that has been applied to deform the cornea. The area between the
two graphs, load and unload, is equivalent to the energy loss during the deformation process,
E 9-16 and Figure 9-8b. This energy loss occurs due to the conversion of kinetic energy into heat
during the outward movement. The energy to load and unload the system is called stored
energy and is defined as the area between the resulting curve and pressure during the average
compression, E 9-17 and Figure 9-8c. The ratio between the loss of energy and the stored energy
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describes the damping of the system, E 9-18 (Ehrenstein and Pongratz, 2000, Bergweiler et al.,
1979).
The modulus of elasticity describes the material resistance against deformation. The higher the
E-Modulus, the greater the level of pressure applied to deform the material by a given amount.
For viscoelastic biological materials, which are affected by dynamic stress (e.g. NCT air puff)
the determination of static E-Modulus is flawed as it is based upon a linear loading/unloading
relationship and only provides a single assessment of the modulus. By applying a periodic
stress in which the deformation is kept relatively small, the so-called dynamic modulus of
elasticity can be determined. The dynamic modulus corresponds to the gradient of the tangent
at the origin of the pressure strain diagram, E 9-19 and Figure 9-8d (Laska and Felsch, 2013).
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= Energy loss (N/m2)
= Stored energy (N/m2)
= Load function
= Unload function
= Strain
= Pressure (Pa)
= Mean hysteresis loop function
= Damping
= Dynamic E-Modulus (N/m2)

|σ(ε\ ) − σ(εΩ∂≤ )|
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E 9-16

E 9-17

E 9-18
E 9-19

Compression-modulus

When stress is applied, the cornea both lengthens (longitudinal strain) and compresses
(transversal strain) at the same time. The longitudinal strain is described by the arc length
change and the lateral strain by the change of the thickness. To determine the compression
modulus, the effect of applied stress on the volume of the cornea needs to be examined. In
consideration of Hooke's Law (Chapter I section 3.1.1.2, page 44), the relationship between
these forces can be expressed as E 9-20. Equation E 9-21 is applicable for deformations if the
following applies: Dlt << l, Ddt << d. The relative volume change is called Poisson's ratio (µ), E
9-22.
∆V
∆p
= −
V\
E

V
V0
p

= Volume (m3)
= Initial volume t=0ms (m3)
= Pressure (Pa)
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∆V ∆l§
∆d§
≈
+2
V\
l\
d\
µ ≝

∆d§ ∆l§
𝜀𝜀∥
¯ =
d\ l\
𝜀𝜀⁄

E
Dlt
l0
𝜀𝜀⁄
Ddt
d0
𝜀𝜀∥
µ

= E-Modulus
= Delta longitudinal elongation at t (m)
= Initial longitudinal elongation t=0ms (m)
= Longitudinal strain at t
= Delta lateral contraction at t (m)
= Initial lateral contraction at t=0ms (m)
= Lateral strain at t
= Poisson’s ratio

E 9-21
E 9-22

The change in corneal volume when a unidirectional force (air puff applanation) is applied is
given by E 9-21. If the applied force is from all directions and applied uniformly, then the resultant
volume change is three-times larger (Laska and Felsch, 2013). The relation between pressure
increase (Dp) and stress (σ) is Dp = -σ and, therefore the expression E 9-23 give an improved
representation of the corneal volume changes that occur with applanation. The dynamic Emodulus and Poisson’s ratio are then used to calculate the compression modulus and its
inverse compressibility, E 9-24.
∆V
∆p
= −3(1 − 2µ)
= −κ ∙ ∆p
V\
E
K=−

EAÙÕ
1
=−
κ
3(1 − 2µ)

9.3.4.3

= Volume (m3)
= Initial volume t=0ms (m3)
= Poisson’s ratio
= Pressure (Pa)
= Dynamic E-Modulus (N/m2)
= Compressibility (1/Pa)
= Compression-Modulus (N/m2)

V
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µ
p
EDyn
k
K

E 9-23
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Rigidity

Rigidity is a parameter that describes the relationship between the applied force and resultant
elastic deformation, E 9-25 to E 9-27. The rigidity of a biomaterial depends on the components
of the ECM and the material’s geometrical attributes (Fung, 1993). The cross-sectional geometry
of the cornea varies across its length, and so the multiplication by the length would not be
correct, E 9-25 to E 9-27. Resilience can also be expressed as the reciprocal of the rigidity value,
E 9-28.
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A distinction needs to be made using the words stiffness and rigidity; both refer to the
relationship between applied force and the resultant deformation, but differ between the
references system. Whereas rigidity is used when the relationship between force and
deformation relates to the material itself (structure and geometry), stiffness is used when
referring to the related force (Derby & Akhtar, Laska & Felsch, 2013).

9.4

Repeatability of kinematic and kinetic parameters

To assess the within-subject repeatability, 20 healthy Caucasian subjects were examined three
times consecutively at one visit (OD:OS 1:1; details of the study population and measurement
procedure can be found in Chapter VI section 13, page 229 et seq.). The repeatability of the
airflow pressure applied to the corneal surface and the WEM during CST measurements are
discussed in Chapter III section 7 (page 92 et seq.) and in Chapter III section 8 (page 137 et
seq.).

Figure 9-9: Graphical analysis of the within-subject time-domain differences of the a) longitudinal
and b) lateral strain. The dotted line represents the respective sample mean and the straight black
line with grey 95%CI error bands the average within-subject differences between three consecutive
measurements (n=20; 10 OD and 10 OS).

The within-subject time-domain absolute difference of the longitudinal strain was found to be
in the range of 6.9% (9.9% of the respective mean) and for lateral strain by 2.6% (32.9% of the
respective mean), Figure 9-9.
Analysing the extrema of the kinematic and kinetic parameters, showed no statistically
significant differences between consecutive measurements, Table 9-3. The concordance (ICC)
between repeated measurements ranged between 0.627 and 0.946. Overall, the repeatability of
the characteristics of the kinematic parameters and longitudinal strain were found to be high.
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The lowest repeatability was observed for parameters related to the lateral strain, which is likely
to be explained by the oscillating behaviour of the corneal thickness change over time.
Nevertheless, the parameters describing the lateral strain during an air puff can be
characterised as repeatable.
Table 9-3: Within-subjects’ repeatability of the novel ocular biomechanics of the central cornea
(n=20; 10 OD and 10 OS; one-way repeated ANOVA, Pearson's correlation coefficient)
Extrema

Differences

SD

ICC

Cronbach's
alpha

p

r

Kinematic parameters
Applanation length
A1
A2

0.349mm
0.384mm

0.2615mm
0.2813mm

0.744
0.860

0.897
0.948

0.329
0.071

0.779
0.720

Applanation time A1
A2

0.081ms
0.089ms

0.0433ms
0.0362ms

0.778
0.240

0.913
0.486

0.092
0.442

0.658
0.594

Arc length

38.4µm

25.03µm

0.771

0.910

0.405

0.862

Corneal thickness

15.5µm

9.30µm

0.786

0.917

0.397

0.899

Deflection

75.4µm

66.01µm

0.744

0.897

0.242

0.883

Discrete displacement
Volume

51.3µm

45.09µm

0.711

0.881

0.243

0.882

4.2 · 10-2 m/s

3.8 · 10-2 m/s

0.430

0.693

0.496

0.546

Velocity

Strain
Longitudinal strain (^)

18.1%

16.08%

0.946

0.981

0.285

0.885

Lateral strain (||)

3.6%

2.50%

0.787

0.917

0.219

0.616

Kinetics parameters
Phase difference d^
d||

0.858ms
4.794ms

0.6600ms
2.9168ms

0.808
0.537

0.927
0.774

0.160
0.572

0.493
0.331

Hysteresis
d||

d^

4.6%
16.1%

4.46%
17.84%

0.633
0.946

0.838
0.981

0.295
0.519

0.496
0.861

Energy loss
||

^

150,860Pa
244Pa

54,201Pa
183Pa

0.655
0.817

0.851
0.913

0.152
0.445

0.497
0.870

Stored energy
||

^

63,601Pa
122Pa

23,994Pa
62Pa

0.943
0.634

0.980
0.839

0.127
0.911

0.924
0.369

Dynamic E-Modulus
^
||

5.3 N/m2
17,547 N/m2

3.25 N/m2
11,484,4 N/m2

0.878
0.527

0.959
0.769

0.707
0.446

0.772
0.459

Compressibility

2.7 · 10-3 1/Pa

1.36 · 10-3 1/Pa

0.627

0.835

0.184

0.376

0.19N/m
0.31N/m

0.217N/m
0.312N/m

0.697

0.874

0.723

0.817

Rigidity
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9.5

Summary and conclusion

Despite the widespread use of the CST and ORA for measures of corneal biomechanics a
critical analysis of the literature suggests that the clinical value of the metrics provided by these
devices may have limited value. Indeed, there is some debate concerning the validity of some
of the proprietary simplifications (Chapter VI section 13.4.4, page 332) upon which measures of
CH can be seen as an indirect measure of corneal hysteresis and CRF of rigidity. Furthermore,
the large range of CH values for normal and pathological eyes suggest that the ORA metrics
lack the sensitivity and specificity to clinically identify healthy and non-healthy corneas
(Figure 3-16, page 65).

Figure 9-10: Flowchart of the calculation of the novel ocular biomechanical properties
(e(%)=strain; C(%)=rigidity; d(ms)=time difference between maximal deformation (^),
maximal thickness change (||) and maximal applied airflow pressure; EDyn(Pa)=dynamic EModulus; K(Pa)=compression modulus; k(1/Pa)=compressibility, µ=Poison’s ratio) (©
2017 Oehring, D)

In an attempt to address some of the limitations of the ORA, the CST metrics are founded upon
high-speed real-time Scheimpflug images of the central horizontal corneal profile during
corneal deformation. For the purposes of clinical use the CST software currently provides over
20 metrics although the real-life interpretation of what these values represent is still on-going.
Applying theoretical assumptions and engineering science the present study sought to
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develop novel metrics using a 3D deformation matrix to characterise the time, depth and spatial
elements of the CST deformation event.
Table 9-4: Interpretation of the characteristics of the kinetic parameters
Parameter

Sign

Unit

Interpretation

Phase difference

δ

ms

The phase difference describes the time delay between applied
pressure and strain amplitude. The higher the difference, the more
pressure is needed to initialise the deformation process.

Hysteresis

H

-

The magnitude of the hysteresis is equivalent to the difference
between the strain during load and unload at each specific pressure.
The higher the hysteresis, the higher the difference between the
strain during inward and outward movement. It characterises the
dependency of the unload (outward) movement from the load
(inward) movement and is material depended.

Energy loss

ELoss

N/m

The difference between in- and outgoing energy is the energy loss. It
corresponds to the geometric area within the hysteresis loop. The
higher the energy loss, the more kinetic energy is removed from the
system and converted into e.g. heat.

Stored energy

EStore

N/m

The stored energy is defined as the area between the average curve
(savg[e]) and the average pressure (savg). The higher the stored
energy, the more energy is needed for the deformation process.

Damping

D

-

The ratio between loss of energy and stored energy is called
damping. The smaller D, the less damped is the system.
D<0
Unstable, self-exited oscillating system
D=0
No damping, constant amplitude
0 < D < 1 Damped system
D=1
Critical damping (just no overshot)
D>1
Oscillating system

Dynamic
E-Modulus

EDyn

N/m2

The modulus of elasticity describes the material resistance against
deformation. The higher the E-Modulus, the more pressure must be
applied to deform the material by the same amount.

Poisson’s ratio

µ

-

Poisson’s ratio describes the elastic portion of a dimension change
during pressure considering the introduced volume change. Thus,
Poisson’s ratio describes the ratio between lateral and longitudinal
strain. The higher the ratio the more elongated is the material in
comparison to the compression during the same pressure.

Compressibility

k

1/Pa

If a pressure is applied to a material, its structural density changes.
The amount by which a medium can be compressed at a
predetermined pressure is referred to as compressibility. The lower
the compressibility the more pressure is needed to compress the
material, thus, the material is relatively constant in its density.

CompressionModulus

K

N/m2

The compression modulus is defined analogously to the elastic
modulus. Instead of the relative elongation, the relative volume
change is considered. The higher the compression modulus, the
more pressure has to be applied to compress the material by the
same amount.

Rigidity

C

N/m

The rigidity describes the relation between applied force and
introduced dimension change. Both, rigidity and resilience are the
only biomechanical properties related to force not to pressure. The
higher the rigidity, the more force has to be applied to stretch the
material by the same amount.

Resilience

Rc

m/N

The invert of the rigidity is called resilience. The higher the resilience
the softer a material is, and thus less force is needed to stretch the
material by the same amount.
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Assessment of the temporal depth change d(t) of the anterior and posterior surface along with
the arc length change of the corneal surface over time provides a unique insight into
longitudinal and lateral strain following pressure application via a NCT air puff. From this data,
a number of novel ocular biomechanics metrics can be expressed Figure 9-10 and Table 9-4. A
detailed case application using the developed procedure can be found in the Appendix A-9
(page A-6 et seq.).
The within-subjects' repeatability was found to be good: longitudinal strain characteristics
demonstrated improved repeatability when compared to lateral strain characteristics. A
possible reason for the lower repeatability amongst the lateral strain properties can be
explained by the oscillating behaviour of the cornea parallel to the plane along which the
pressure was applied. To accurately determine the relevant mechanical parameters during
applanation tonometry, the tissue must be completely relaxed and should not display any
creep. It is known that NCT applanations influence subsequent measurements known as the
conditioning effect. However, it is difficult to assess the conditioning effect of NCT due to the
unpredictable fluctuations in IOP that occur physiologically and following NCT applanation and
there is little evidence available on the magnitude of this effect (Draeger, 2008).
The application of these novel metrics is tested by assessing the within-subjects' repeatability
in healthy adult cornea for central measurements. It is anticipated that these measures will aid
in the interpretation of the normal variation of in vivo corneal biomechanics amongst healthy
human eyes Chapter VI section 13 (page 314 et seq.).

What we knew:
1.
2.
4.

What we know now:

Biomechanical properties of the cornea can be
assessed ex vivo.
CST provides kinematic properties of the
cornea automatically, with unknown underlying
calculation assumptions.
CST calculates average whole eye movement
during NCT.

1.
2.

3.
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It is possible to measure corneal biomechanics
in vivo using a NCT tonometer with an
integrated high-speed camera system.
Based on material engineering laws, equations
are now available to derive kinematic and
kinetic mechanical properties during a dynamic
load of the cornea.
The within-subjects' repeatability of the novel
biomechanical properties was found to be high,
for both longitudinal and lateral strain.

Chapter IV
Ex vivo experiment with porcine
eyes
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Abstract
Purpose: Aim of the experimental study was to assess the repeatability of the corneal
biomechanical parameters at distinct IOP levels and to evaluate their IOP dependency.
Method: A randomised ex vivo experimental study included twenty paired porcine eyes, which
were examined under controlled manometric intraocular pressure (MIOP) levels. The eyes were
placed in a custom-designed holder that allowed 360 degree movements to facilitate optimal
positioning. Manipulation of MIOP level was achieved by injection of saline into the vitreous
body of the enucleated bulbi. CST measures were taken. Lenstar LS-900 was used to assess
ocular biometry. To analyse the repeatability of the parameters ten porcine eyes were assessed
ex vivo. At each MIOP level (18 to 68cmNaCl, increment 10cmNaCl), ten consecutive
measurements were taken. In the contralateral eye the MIOP was increased in 2cmNaCl steps
from 14cmNaCl to 76cmNaCl. Three measurements were taken per MIOP level. Repeatability
was assessed using IQR and concordance analysis. IOP progression was determined using
best-fitted curves. The quality of approximation was controlled using R2. To estimate MIOP from
corneal biomechanics stepwise multiple regression analyses were conducted.
Results: Pressure-volume experiments showed no significant differences in variability across a
wide range of MIOP for calculated measures of corneal biomechanics (ICC longitudinal strain
0.889, lateral strain 0.655). The IQR correlated positively with MIOP for the maximum strain, the
time when the maximum strain occurred, hysteresis (e^) and EDyn (e^) (|r|>0.3 p<0.050). The EDyn
and compressibility for longitudinal and lateral strain were significantly impacted by MIOP
(Pred. R2: 0.549, 0.404). Using kinematic and kinetic material properties as predictors, the MIOP
was modelled with A1(length), EDyn (e^), A1(t) and e||(t0) (verification: adj. R2 of 0.789 [p=0.000]).
Conclusion: Incremental increase in MIOP causes no systematically change, for both
magnitude and variability for all calculated measures of corneal biomechanics, except for the
e^(max), EDyn and compressibility which increased with higher levels of MIOP. The results
indicate that changes in IOP cause changes in the corneal integrity, and thus, could play a vital
role in the pathogenesis of diseases such as keratoconus and glaucoma.
Keywords: Corneal biometrics • Pressure-volume • Manometry • Porcine eyes
Acknowledgement: Prof Dr Edward Malen (University of Bradford, Faculty of Life Sciences,
Optometry and Vision Science)
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10 Ex vivo evaluation of corneal biomechanics in porcine eyes

10.1 Introduction
The biomechanical behaviour of the anterior surface of the eye is governed by the stress-strain
behaviour of the ocular surface tissues. Characteristically ocular tissues, such as the cornea
and sclera, are classified as connective tissues that show viscoelastic properties
(Chapter I section 3.2, page 49).
A limited number of studies have assessed the biomechanical behaviour of the whole anterior
surface in vivo; most work is based on evaluating the central cornea and/ or defined areas along
the surface during ex vivo experiments (Wang et al., 2013, Mandalos et al., 2013, Chou et al., 2012,
Lau and Pye, 2011, Kopito et al., 2011, Kynigopoulos et al., 2008, Noguera et al., 2007a, Luce,
2005b). Given that corneal stress is influenced by its assumed anisotropic, heterogeneous and
asymmetric characteristics, a single assessment of the biomechanical properties at a given
point may not be an accurate representation of the behaviour of the whole cornea (Elsheikh et
al., 2013a, Elsheikh et al., 2010a, Eilaghi et al., 2010b, Dupps et al., 2007, Ethier et al., 2004, Hjortdal,
1996). To comprehensively understand the biomechanical behaviour of the anterior ocular
surface tissues, it is necessary to investigate the whole corneal and scleral surface including
the limbal area in vivo. Furthermore, it is vital that the influence of IOP on the cornea is
accounted for so that the effect of the air puff on the cornea can be better understood and that
any heterogeneity of the corneal biomechanics can be identified.
It is still challenging to obtain accurate measures of the biomechanical properties of the eye in
vivo. To allow accurate investigation of the deformation profile across the ocular surface, the
assessed eye should be stable and void of influencing factors such as ocular pulse,
accommodation, and hydration as well as the variability resulting from respiration. To control
such factors, it is useful to assess enucleated eyes. However, due to ethical constraints,
enucleated human eyes with intact corneas are difficult to source, and therefore many
investigators have used animal eyes in such experiments (Elsheikh et al., 2013a, Bao et al., 2012,
Dupps et al., 2007). In particular, porcine eyes have been found to be useful models of human
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eyes and thus have been widely used in biomechanical experiments, Table 10-1 (Dupps et al.,
2007, Zeng et al., 2001).
Table 10-1: Dimension of the porcine eyeball in comparison to the human globe
Parameter

Porcine eye*

Human eye**

25.48

24.0

Vertical globe diameter (mm)

24.48

23 - 23.5

Axial length (extent) (mm)
Horizontal corneal diameter (mm)

21.64
16.61

23.6
7.8

Vertical corneal diameter (mm)

14.00

7.7 -7.8

Central corneal thickness (µm)

Ex vivo 1013
In vivo 666

470 - 620

Corneal water content (%)
Scleral thickness (µm)
Anterior chamber depth - Iris to cornea (mm)
Normal IOP (mmHg)
Tensile strength (MPa) ***

71.93
830 to 1250
2.21
3.70 ± 0.24

78
800 - 1350
2.72 - 3.15
15.5 ± 2.57
3.81 ± 0.40

Horizontal globe diameter (mm)

*(Sanchez et al., 2011) **(Shroff, 2011) ***(Zeng et al., 2001)

10.2 General Purpose
The global aim of this experimental study was to evaluate the corneal biomechanical properties
of enucleated porcine eyes with the CST (properties described in Chapter III section 9,
page 169 et seq.). Evaluation criteria were defined as the repeatability (experiment 1) and
physical intraocular pressure (MIOP) dependency (experiment 2).

10.3 Methodology
In this randomised experimental study, porcine eyes were investigated ex vivo. The complete
study was conducted from April 2014 to November 2016. To increase internal validation of the
study, influencing factors, like room temperature and storage variabilities, were kept as
stable as possible and recorded during the experimental phase. Randomisation was used to
decrease the influence of procedure-based errors.
10.3.1

Specimens

Twenty paired porcine eyes from ten pigs (n=20) aged between eight to twelve months from the
Gages Farm Ltd (Gages Farm Buckfastleigh Rd, Ashburton, Newton Abbot; Devon; TQ13 7JW)
were included in the experiments. All eyes were treated in agreement with the Animal and Plant
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Health Agency APHA commercial movement of animal by-products (licence number C1136645).
The eyes were enucleated post-mortem and transported to the laboratory within four hours in
a cooled box with an average temperature of (8.4 ± 1.6)°C. In the laboratory, the paired eyes
were stored in a fridge at a temperature of (5.0 ± 0.4)°C for 24 hours maximum. Data collection
on each eye was completed within five hours after removing it from the refrigerator.

The study was performed at a room temperature of (18.9 ± 3.2)°C, stable humidity of (43 ± 0.8)%
and atmospheric pressure of (1014.4 ± 4.84)hPa. Temperature and humidity were measured with
a commercially available thermo-hygrometer (TFA Dostmann Digital Thermo-Hygrometer
Comfort Control 30.5011) at the beginning and the end of each experiment. The atmospheric
pressure was monitored using a barometer app with GPS tracking and height calibration. After
removing the study eye from the fridge, it was photographed to measure the geometrical
dimensions of the globe using the software MB-Ruler (Version 5.3). Geometrical measurements
included the vertical and horizontal length as well as the minimum and maximum iris and pupil
diameters. Furthermore, the length and the diameter of the optic nerve remnant were measured
with a conventional calliper. Remaining surrounding tissues, like muscles and fat, were gently
removed from the globe using a scalpel.
10.3.2
10.3.2.1

Inflation system
Movement apparatus

The enucleated porcine eyes were mounted in a custom-designed holder system. The
apparatus allowed fine adjustment in x, y and z-direction as well as in x-z and y-z rotation,
Figure 10-1. The system provided the means for positioning and rotating the eyeball to ensure
that the bolus of air projected from the CST would applanate the ocular surface orthogonally.
This was essential because if the measurement area of the ocular surface were not orthogonal,
then there would be a deformation time delay between different areas of the corneal surface
i.e. one part of the eye where the air puff arrives first would begin to deform before the
remaining surface, Figure 11-1 (page 231).
Based on the dimensions of the porcine eye (Table 10-1, page 195), the distance variability of
the movement apparatus within the three axes were between 0 to 20mm with 0.1mm
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increments. The rotational systems allowed rotational movement from zero to thirty-five
degree. To allow accurate movement in the rotational dimensions arc tan depth gauges were
used with an increment of one degree.

a)

b)

Figure 10-1: Schematic draft (Unit: mm) of a) of the mount system for the porcine eye fixed
on a conventional headrest. b) The system allowed movement in the x, y and z-direction
as well as in x-z rotation (δ) and y-z rotation (θ). (© 2017 Oehring, D)

10.3.2.2

Globe holder

To ensure stability, the enucleated porcine eyes were mounted in a custom-designed 3D
printed plastic holder. The construction plan and 3-D printing design can be found in Appendix
A-10 (page A-9). The dimensions of the holder were based on the dimensions of a porcine eye
(Table 10-1, page 195).
The holder was filled with gelatinous water spheres composed of distilled water, sodium
alginate and calcium lactate. The procedure is described in the Appendix A-10 (page A-9).
Gelatinous water spheres were used to provide the buffering between the ocular globe and the
inner surface of the holder. Additionally, the water spheres guaranteed a constant hydration for
the posterior eye. For each experiment, new water spheres were used to fill the space between
the holder and the eye. Following the manufacture process, each water sphere was
photographed and analysed using the software MB-Ruler (Version 5.3) to ensure that the cup
filling volume was similar for each study eye. The geometrical dimensions of the spheres used
had an average height and maximum width of (0.6±0.13)mm and (1.2±1.41)mm, respectively
Figure 10-2. It was ensured that the number of water spheres covered 2/3 of the enucleated
globe in the holder; this ensured that approximately 4.5mm of the anterior eye was protruding
outside of the holder, Figure 10-2. On average (5±2) water spheres were used for each eye.
Using conventional cling film, the peripheral part of the anterior eye was covered to prevent the
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eyeball from dropping out of the holder. Using the extraocular muscles as landmarks, the
globes were place in the globe holder in accordance to their physiological orientation.

Figure 10-2: Globe holder system: a) Gelatinous water spheres were made from calcium lactate and alginic
acid. b) The enucleated porcine eye was gently cleared from surrounding tissues and the geometrical
dimensions measured prior to data collection. c) The porcine globe was kept in a plastic holder filled with the
gelatinous water spheres and covered with cling film peripherally. (© 2017 Oehring, D)

10.3.2.3

Manometry

To inflate the globe and to control the physical pressure inside the globe, a peripheral
intravenous catheter (Jelco Optiva I.V. Catheters, Smiths Medical International Ltd. Rossendale,
United Kingdom) with 0.9mm diameter, 25mm length and bidirectional flow 38ml/min was
inserted into the vitreous body through the optic nerve and surrounding tissues. The needle
was then connected to a glass manometer (Vygon N.V., European Community) which was
attached to a 500ml infusion bottle filled with 0.9% sodium chloride (NaCl) solution (Macoflex,
MacoPharma, United Kingdom). An open single-tube manometer was used to control the MIOP.
Different parts of the set-up were connected via Luer lock adapter and two three-way valves
(G1/4 connection), Figure 10-3. The lower end of the manometer tube was lined up horizontally
with the vertical centre of the globe to ensure equivalent heights. Before the infusion needle
was connected to the manometer, the infusion bottle filled the initial part of the manometer
tube with NaCl solution to set the zero point. A 10ml syringe between the eye and the
manometer tube allowed the IOP level to be elevated. The syringe was filled with the NaCl
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solution from the infusion bottle. To increase the pressure by 1cmNaCl, 30µl NaCl had to be
injected manually into the system. The infusion bottle was isolated from the pressure system
following injection of the eyeball and filling of the manometer tube, syringe and connection
pipes. The IOP elevation procedure is described in Figure 10-3. The initial physical pressure was
set to 2cmNaCl using the syringe. During the measurement process, the anterior segment of
the eye was continuously hydrated with five drops hydrated with five drops of conventional
saline solution (Bausch & Lomb Sensitive Eyes Saline Solution 5 ) being administered every
minute from a 5ml syringe. The magnitude of incremental increase in physical pressure followed
different procedures depending on the experiment.
Pressures were recorded in cmNaCl and transferred into the equivalent mmHg. During the
experiment phosphate, buffered NaCl solution was used to inflate the globe and to measure
the pressure with the manometer. A physiological NaCl solution of 0.9% has a density of
1.0053g/cm3 and mercury of 13.5459g/cm3 at 293.15K (20°C). Therefore, 1cmNaCl increment is
equivalent to 0.7382mmHg. This conversion coefficient is used to transfer the recorded cmNaCl
results into mmHg.
Repeatability of biomechanical parameters
To analyse the repeatability of the biomechanical parameters ten porcine eyes from ten
domesticated pigs were assessed ex vivo. At each MIOP level (18 to 68cmNaCl, increment
10cmNaCl), ten consecutive measurements were taken thus providing 60 measurements per
eye. In 50% of the eyes, the pressure was incrementally increased from the lowest MIOL level,
for all other eyes the pressure was decreased from the highest MIOP.
MIOP dependency of corneal biomechanical properties
In the contralateral eye (to experiment eye) the MIOP was increased in 2cmNaCl increments
from 14cmNaCl to 76cmNaCl. For every MIOP level three measurements were taken. The
smaller increments were used to increase the resolution of the fitted-curves, enabling to display
the approximately true relationship between corneal biomechanical property and MIOP. If the
increments are too large, false simplification of the relationship could be the result.

5
Isotonic, buffered solution that contains boric acid, sodium borate and sodium chloride; preserved with sorbic acid (0.1%)
and edentate disodium (0.025%).
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Figure 10-3: Schematic of the experimental set-up used to inflate the enucleated porcine eyeball
(© 2017 Oehring, D)
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10.3.3

Air puff measurements

The CST was used to assess the corneal biomechanical properties of the central cornea. Having
mounted the eye in the holder and the movement system, the position of the eye was set to
measure with the CST according to the particular experimental protocol, Figure 10-4. Between
consecutive measurements, an interval of 1min was allowed to stabilise the system and to
reduce possible artifactual errors.

Figure 10-4: Experimental set-up to investigate the enucleated globes using the CST. a) The photo shows
the complete set-up from the side. b) Photo shows the eye in the holder and alignment with the CST
nozzle. (© 2017 Oehring, D)

10.3.4

Ocular dimensions

Ocular biometry was assessed with the Lenstar LS900 (Haag-Streit AG, Koeniz, Switzerland) at
approximately physiological MIOP of 20cmNaCl. The eye was placed in the movement
apparatus to ensure stable positioning in front of the device. An average of 5 good quality
measurements were recorded. Biometry assessment included measures of axial length (AL),
aqueous chamber depth (ACD) and central corneal radii.
During CST measurement, videos of the cornea were captured with the integrated high-speed
camera. Using the first and last frame of the video sequence, the central corneal thickness and
tissue transparency before and after each experiment were analysed to evaluate the status of
the cornea, Figure 10-5. The average CCT was used for further analysis.
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Figure 10-5: CCT of the first and last frame of each experiment captured by means of the CST
(© 2017 Oehring, D)

Figure 10-6: Evaluation of the density of the cornea initially and after the measurement using a three-step
procedure. The first step was to invert the picture captured using the CST. The second step was to transform
the inverted picture into black and white. Finally, the relative number of black pixels was counted.
(© 2017 Oehring, D)

The captured images were used to determine the opacity of the cornea at the start, middle and
end of the CST measurement series to determine the level of structural degradation. By means
of conventional photo software, the relative number of black pixels in the pictures were
assessed. To count the black pixels, each picture was inverted and then transformed into black
and white using a threshold of 128, Figure 10-6. The threshold value represents shades of grey.
One hundred twenty-eight was the midpoint of the 256 shades of grey available in those images.
The relative number of black pixels represents the opacity of the cornea. A transparent cornea
will be visible as a dark grey structure in the frame images, Figure 10-7. With decreasing
transparency, the cornea appears as a lighter structure on the inverted images. Therefore, a
higher percentage of black pixels represents lower transparency.

- 202 -

Chapter IV: Animal eye experiments

Figure 10-7: Comparison of an in vivo and ex vivo measurement corneal picture. The in vivo measurement of a
healthy, young human cornea shows a transparent tissue, which appears as a dark grey structure in the image.
The ex vivo measurement of an enucleated porcine cornea is less transparent and appears as a lighter structure
in the picture. Therefore, the relative number of black pixels in the inverted black and white image of the human
cornea is smaller than in the porcine cornea. (© 2017 Oehring, D)

10.3.5

Data processing

CST measurements were exported as .csv files and imported into Excel and MatLab to calculate
corneal biomechanical properties. All parameters discussed in Chapter III section 9 (page 169
et seq.) were used to describe the biomechanics ex vivo.

Figure 10-8: Data processing (© 2017 Oehring, D)

In comparison to controlled in vivo data it was expected that ex vivo experimental data would
be affected by a greater number of random errors. Therefore, the data from each individual eye
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was cleaned for further analysis following the same protocol for each parameter, Figure 10-8.
Following the data cleaning process, only two eyes (MIOP dependency) were left with a
completed data set of three measurements. All other eyes contained only one or two complete
sets of measurements. To ensure equal and independent data, it was decided to only include
one set of measurements per eye as individual data.

10.4 Results
CCT measures from the start and end of the CST measurement were (1007.5±152.8)µm and
(1056.4±194.1)µm, respectively. On average the CCT increased by 5% during the experiment
(ns), Figure 10-9. The initial corneal opacity was (8.9±4.01)% and changed on average by 3.7% to
(11.1±6.1)µm at the end of the measurement (ns), Figure 10-9.
Table 10-2: Environmental and specimen’s data for each part of the study to evaluate measurement
principles using enucleated porcine eyes to assess ocular biomechanical properties
Parameter

Experiment 1
Repeatability

Experiment 2
MIOP dependency

Sample size

10

10

19.1 ± 1.02

19.3 ± 1.10

44 ± 1.2

43 ± 0.1

Atmospheric pressure (hPa)

1014.6 ± 4.96

1014.2 ± 4.72

Horizontal eye length (mm)

25.4 ± 2.67

26.2 ± 2.70

Vertical eye length (mm)

26.8 ± 2.64

26.8 ± 2.62

Pupil diameter (mm)

5.6 ± 1.67

5.4 ± 2.50

ONH length (mm)

4.8 ± 0.20

4.3 ± 0.26

ONH diameter

3.0 ± 1.03

3.5 ± 0.67

Axial length (mm)

20.22 ± 0.333

20.34 ± 0.461

Aqueous chamber depth (mm)

1.76 ± 0.767

1.79 ± 0.085

Meridional radius flat /steep (mm)

8.68 ± 0.126
8.29 ± 0.097

8.58 ± 0.042
8.29 ± 0.026

CCT before/after (µm)

1007/ 1096

1023/ 1102

8.9/ 11.1

7.6/ 11.5

Environment

Temperature (°C)
Humidity (%)

Exterior globe
dimensions
(Initially)

Interior biometrics
(MIOP 20cmNaCl)

Control
measurements

Opacity before/after (%)
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Figure 10-9: Tukey box plot shows the distribution of CCT and corneal transparency initially and at the end of the investigation
(n=20); neither CCT nor corneal opacity were significantly different between the two-time points (two-tailed t-test for paired
samples).

10.4.1

Repeatability of biomechanical parameters

In total ten eyes from ten animals were included in this part of the study. Each eye was measured
ten times consecutively at six MIOP levels, Table 10-3 and Figure 10-10. The CST IOP was
significantly different between MIOP levels (F-test F(5)=155.7 p=0.000; Post hoc Wilcoxon
signed-rank test, all p<0.003).
Table 10-3: Descriptive analysis of the CST IOP at different MIOP level (n=10)
MIOP
(mmHg)

CST IOP (mmHg)
Mean ± SD

IQR

Median

Min

Max

13

7.6 ± 3.69

5.8

7.5

0.5

13.5

21

11.1 ± 3.87

4.5

11.5

4.0

15.0

28

14.8 ± 3.35

4.5

16.0

8.5

19.5

35

23.6 ± 5.71

9.0

27.0

14.5

35.5

43

32.5 ± 3.14

6.0

33.5

26.5

37.5

50

39.6 ± 4.44

8.3

42.0

32.5

45.5

*significant difference between groups (p=0.000, Friedman test; Post hoc Wilcoxon signed-rank test, all p=0.000)

Figure 10-10: CST IOP at different MIOP level: a) absolute CST IOP distribution (Tukey box plot) within the six
MIOP level. b) Baseline corrected CST IOP average for each eye for the MIOP level (baseline was defined as the
MIOP level 13mmHg). For all porcine eyes examined the average CST IOP increased gradually at each
consecutive MIOP level.
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10.4.1.1

Variability analysis

To analyse the variability of the parameter at each MIOP level the interquartile range (Q25% to
Q75%) relative to the median was used.
Longitudinal strain
The variances for time to maximum strain and measures of corneal rigidity (e^) between MIOP
levels were not significantly different (F-test p<0.050), Table 10-4. All other calculated
biomechanical parameters showed at least one significantly different variance between two
MIOP levels (detailed analyses: Appendix A-10, Table A-10.3, page A-11). The relative IQR
correlated positively with MIOP for the maximum strain, the time for maximum strain, hysteresis
(e^) and EDyn (e^), Table 10-4 and Figure 10-11.
Table 10-4: Descriptive analysis of the relative IQR (%) for longitudinal strain characteristics at different
MIOP levels (n=10). Time is provided in frames.
MIOP (mmHg
increase)

Baseline

∆ +8

∆ +15

∆ +22

∆ +30

∆ +37

r* (p)

Longitudinal strain
Maximum strain

5.1

3.8

4.8

5.4

6.7

10.1

0.444 (0.003)

Initial detection †

8.7

11.6

5.8

6.2

12.1

12.1

0.036 (0.822)

Time to maximum

3.1

4.2

3.7

4.1

5.6

4.9

0.339 (0.028)

Duration

2.8

3.4

5.2

6.1

9.5

12.3

0.185 (0.242)

Kinetic characteristics
Hysteresis

1.64

2.01

2.50

4.52

6.61

7.58

0.353 (0.022)

Damping

20.57

19.48

22.89

42.70

63.19

56.20

0.211 (0.180)

8.8

5.1

8.8

8.9

16.2

43.1

0.352 (0.022)

196.7

634.8

239.4

132.0

73.2

48.1

-0.262 (0.108)

3.8

3.6

3.3

2.6

3.8

3.7

0.026 (0.872)

EDyn
Compressibility
Rigidity
†

First frame, when strain was detected; Spearman’s correlation coefficient, significant correlations are italic
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Figure 10-11: Relative IQR for the longitudinal strain characteristics at different MIOP levels (n=10). The vertical
dotted line represents the relative IQR at baseline MIOP (13mmHg).

Lateral strain
The variances for the lateral strain between the MIOP level were not significantly different for
neither the maximum or its time point, the hysteresis (e||) and EDyn (e||) (F-test p<0.050), Table 105. The variances of all other parameters varied significantly between at least two MIOP levels
(detailed analyses Appendix A-10, Table A-10.4, page A-11). A significant increase in the relative
IQR with increasing MIOP was found for EDyn (e||), Table 10-5 and Figure 10-12.
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Table 10-5: Descriptive analysis of the relative IQR (%) for lateral strain characteristics at different MIOP
levels (n=10). Time is provided in frames.
MIOP (mmHg
increase)

Baseline

∆ +8

∆ +15

∆ +22

∆ +30

∆ +37

r* (p)

Lateral strain
Maximum strain

64.9

85.7

126.1

72.2

67.8

138.5

-0.011 (0.946)

Initial detection †

13.4

20.6

10.9

12.7

18.2

15.9

-0.012 (0.941)

Time to maximum

32.2

12.0

5.3

7.5

21.9

23.8

0.171 (0.297)

Duration

6.8

25.1

14.1

60.1

23.6

54.1

0.121 (0.463)

Kinetic characteristics
Hysteresis

75.3

73.0

72.7

95.6

86.7

108.1

0.235 (0.150)

Damping

49.4

202.1

80.9

130.3

371.5

-477.7

0.218 (0.183)

EDyn

12.5

5.6

8.8

6.8

9.0

15.9

0.324 (0.044)

Compressibility

76.2

356.0

350.8

117.4

120.7

122.8

-0.166 (0.321)

Rigidity

555.4

1076.1

1897.8

491.3

427.1

810.9

-0.060 (0.722)

†

First frame, when strain was detected; Spearman’s correlation coefficient, significant correlations are italic

Figure 10-12: Relative IQR for the lateral strain characteristics at different MIOP levels (n=10). The vertical dotted
line represents the relative IQR at baseline MIOP (13mmHg).
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10.4.1.2

Concordance analysis and central tendency

Longitudinal strain
The lateral strain characteristics were not significantly different between ten consecutive
measurements for any of the MIOP levels, Table 10-7 and Figure 10-13. The characteristics of the
longitudinal strain showed an overall high concordance (ICC 0.889 [95%CI 0.808 to 0.970] with
Cronbach’s alpha of 0.816).

Figure 10-13: Baseline corrected longitudinal strain characteristics at different MIOP levels (median ± IQR,
n=10). Negative values (left from x=0) indicate higher values than at baseline (MIOP 13mmHg), positive values
smaller than at baseline.
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Table 10-6: ICC for ten consecutive measurements per MIOP level for longitudinal strain (n=10). p-Values
are derived from two-way ANOVA (consecutive measurements and MIOP levels as factors). Time in frames.
MIOP (mmHg
increase)

Baseline

∆ +8

∆ +15

∆ +22

∆ +30

∆ +37

p

Maximum strain

0.989
(0.999)

0.889
(0.988)

0.814
(0.978)

0.968
(0.997)

0.971
(0.997)

0.985
(0.998)

0.488

Initial detection †

0.930
(0.992)

0.920
(0.991)

0.891
(0.988)

0.936
(0.993)

0.906
(0.99)

0.416
(0.877)

0.450

Time to maximum

0.486
(0.904)

0.973
(0.996)

0.906
(0.99)

0.933
(0.993)

0.955
(0.995)

0.909
(0.990)

0.583

Duration

0.858
(0.982)

0.906
(0.99)

0.972
(0.997)

0.936
(0.993)

0.519
(0.915)

0.998
(0.954)

0.262

†

First frame, when strain was detected

Table 10-7: ICC for ten consecutive measurements per MIOP level for longitudinal strain characteristics
(n=10). p-Values are derived from two-way ANOVA (consecutive measurements and MIOP levels as factors).
Time in frames.
MIOP (mmHg
increase)

Baseline

∆ +8

∆ +15

∆ +22

∆ +30

∆ +37

p

Hysteresis

0.939
(0.994)

0.939
(0.994)

0.739
(0.966)

0.836
(0.931)

0.816
(0.425)

0.872
(0.984)

0.534

Damping

0.929
(0.925)

0.961
(0.996)

0.936
(0.993)

0.992
(0.999)

0.959
(0.996)

0.999
(0.981)

0.069

EDyn

0.879
(0.986)

0.739
(0.966)

0.891
(0.988)

0.816
(0.425)

0.988
(0.999)

0.497
(0.908)

0.957

Compressibility

0.810
(0.977)

0.889
(0.838)

0.444
(0.889)

0.800
(0.976)

0.838
(0.981)

0.955
(0.995)

0.300

Rigidity

0.939
(0.994)

0.416
(0.877)

0.505
(0.911)

0.618
(0.942)

0.548
(0.906)

0.622
(0.943)

0.776
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Lateral strain
The lateral strain characteristics were not significantly different between ten consecutive
measurements for any of the MIOP levels, Table 10-8 and Figure 10-14. The characteristics of the
longitudinal strain showed an overall moderate concordance (ICC 0.655 [95%CI 0.582 to 0.720]
with Cronbach’s alpha of 0.879).
Table 10-8: ICC for ten consecutive measurements per MIOP level for lateral strain characteristics (n=10). pValues are derived from two-way ANOVA (consecutive measurements and MIOP levels as factors). Time in
frames.
MIOP (mmHg
increase)

Baseline

∆ +8

∆ +15

∆ +22

∆ +30

∆ +37

p

Lateral strain
Maximum strain

0.757
(0.969)

0.839
(0.981)

0.981
(0.998)

0.965
(0.996)

0.877
(0.986)

0.998
(0.999)

0.836

Initial detection †

0.017
(0.144)

0.271
(0.788)

0.023
(0.187)

0.002
(0.017)

0.011
(0.099)

0.012
(0.097)

0.992

Time to maximum

0.648
(0.949)

0.993
(0.999)

0.961
(0.996)

0.172
(0.675)

0.291
(0.804)

0.995
(0.999)

0.959

0.646
(0.948)

0.737
(0.965)

0.822
(0.866)

0.867
(0.985)

0.842
(0.982)

0.898
(0.876)

Duration

0.964

Kinetic characteristics
Hysteresis

0.718
(0.962)

0.823
(0.979)

0.998
(0.999)

0.998
(0.999)

0.753
(0.892)

0.710
(0.863)

0.837

Damping

0.644
(0.948)

0.664
(0.952)

0.637
(0.819)

0.783
(0.973)

0.684
(0.956)

0.611
(0.890)

0.631

EDyn

0.958
(0.996)

0.953
(0.995)

0.999
(0.999)

0.996
(0.999)

0.965
(0.996)

0.912
(0.811)

0.548

Compressibility

0.748
(0.967)

0.509
(0.912)

0.944
(0.994)

0.863
(0.984)

0.469
(0.898)

0.799
(0.909)

0.834

Rigidity

0.810
(0.977)

0.889
(0.838)

0.444
(0.889)

0.800
(0.976)

0.838
(0.981)

0.955
(0.995)

0.981

†

First frame, when strain was detected
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Figure 10-14: Baseline corrected lateral strain characteristics at different MIOP levels (median ± IQR, n=10).
Negative values (left from x=0) indicate higher values than at baseline (MIOP 13mmHg), positive values smaller
than at baseline.

10.4.2

Evaluation of MIOP dependency of corneal biomechanical properties

The CST IOP increased significantly with increasing MIOP (r=0.857 p=0.000). When MIOP level
increased by (1.48mmHg) the CST IOP increased by 1.3mmHg, Figure 10-15. The CST IOP ranged
between 4.0 and 49mmHg (individual values).

Figure 10-15: Graphical analysis of the mean (95% CI error bars) CST IOP over the discrete MIOP
(n=10). The diagonal dotted line represents a 1:1 relationship between CST IOP and MIOP.
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10.4.2.1

Strain

The magnitude of the maximum longitudinal strain changed significantly as MIOP varied. In
comparison, the initial detection time, time to maximum strain and the duration of longitudinal
strain were not significantly impacted by MIOP, Table 10-9 and Figure 10-16. The characteristics
of the maximum lateral strain were not affected by MIOP Table 10-9 and Figure 10-16.
Table 10-9: Curve-fitting for the longitudinal and lateral strain characteristics (abscise = MIOP in mmHg). The
curve-fitting which resulted in the highest R2 was used (Durbin-Watson 2±0.2). Time in frames.
Pred. R2

Curve-fitting equation

RMSE

Longitudinal strain
Maximum strain

0.621

= 19.1 + 2370.0 MIOP-0.78

51.46

Initial detection †

0.029

= 14.3 + 0.03MIOP

1.71

Time to maximum

0.018

= 69.6 – 0.05MIOP

Duration

0.067

4.27
2

= 95.25 + 0.20MIOP -0.006MIOP

3.77

Lateral strain
Maximum strain

0.001

= 0.12 – 2.6·10-3MIOP

0.08

Initial detection †

0.002

= 14.3 + 0.03MIOP

2.69

Time to maximum

0.063

= 43.7 + 0.49MIOP

20.42

Duration

0.001

= 84.3 + 0.16MIOP

23.63

†

First frame, when strain was detected

Figure 10-16: Graphical analysis of the strain change relative to the
baseline value (mean and 95% CI error bars, baseline MIOP
10.3mmHg). Longitudinal strain (green) shows decreased with
increasing MIOP, whereas lateral strain (orange) remained stable up
to a MIOP increase of +32mmHg and followed by a decrease.
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10.4.2.2

Kinetic characteristics

The dynamic E-Modulus and compressibility for longitudinal and lateral strain were significantly
impacted by MIOP. No significant effect of MIOP for longitudinal characteristics was found for
the rigidity and the lateral characteristics of hysteresis and damping, Table 10-10, Figure 10-17
and Figure 10-18.
Table 10-10: Curve-fitting for the longitudinal and lateral kinetic characteristics (abscise = MIOP in mmHg).
The curve-fitting which resulted in the highest R2 was used (Durbin-Watson 2±0.2, Lack of fit test p>0.05).
Pred. R2

Curve-fitting equation

RMSE

Longitudinal strain
Hysteresis
Damping

0.052 (0.003)
0.019 (0.004)

= 0.115 – 3.9·10-3MIOP + 8.8·10-5MIOP2
-4

0.01

2

= 0.823 - 0.029MIOP + 4.7·10 MIOP
2

0.59
-5

3

EDyn

0.549 (0.000)

= -9.01 + 6.8MIOP - 0.097MIOP + 7.1·10 MIOP

29.45

Rigidity

0.001 (ns)

= 208.1 + 0.028MIOP

3.23

Compressibility

0.165 (0.000)

2

3

= 740.3 - 49.0MIOP + 1.3MIOP -0.012MIOP

4.8·105

Lateral strain
Hysteresis
Damping

0.003 (ns)
0.023 (ns)

= 0.367 – 5.61·10-3MIOP + 9.1·10-5MIOP2

0.02

-4

2

3.41

-3

2

= 2.99 - 0.034MIOP + 2.7·10 MIOP

EDyn

0.402 (0.000)

= 32.28 + 0.86MIOP + 6.1·10 MIOP

2.5·104

Rigidity

0.042 (0.024)

= 1705.0 + 31.2MIOP + 0.32MIOP2

2.8·107

Compressibility

0.224 (0.002)

= 457.5 - 12.2MIOP + 0.10MIOP2

3.0·106
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Figure 10-17: Graphical analysis of the corneal biomechanical properties related to
longitudinal strain over MIOP (mean and 95% CI error bands).
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Figure 10-18: Graphical analysis of the corneal biomechanical properties related to
lateral strain over MIOP (mean and 95% CI error bands).
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10.4.2.3

Predicting MIOP using kinematics and kinetic characteristics

A stepwise forward multiple regression was conducted to predict MIOP from kinematics and
kinetics characteristics. Thus, the analysis included 20 predictors. These variables statistically
significantly predicted MIOP (F(3, 4099)=87.23, p=0.000). All included variables added
significance (p<0.029). The MIOP model was tested against the second sample for verification
(page 205); increased adj. R2 of 0.789 (p=0.000).
Table 10-11: Curve-fitting for the longitudinal and lateral kinetic characteristics (abscise = MIOP in mmHg).
The curve-fitting which resulted in the highest R2 was used (Durbin-Watson 2±0.2, Lack of fit test p>0.05).
R2

Regression - analysis
Forward stepwise regression analysis
Predictors (1st
model)

e^ (max) p=0.000, EDyn (e^) p=0.000, rigidity (e^) p=0.002, rigidity (A1)
p=0.994, A1(length) p=0.219, A1(t) p=0.556, A2(length) p=0.081, e|| (t)
p=0.002, e|| (t0) p=0.003

0.685 (adj.)

Predicted MIOP

= 13.54 + 1.370A1(t) - 0.194 rigidity (e^) + 0.024EDyn (e^)

0.718 (adj.)

Statistic

RMSE = 2.879, Cochrane-Orcutt transformation applied 0.2

0.662 (pred.)

Model assumptions
Collinearity

|r| < 0.5 p > 0.020 between predictors

Independency

Durban-Watson 1.991 (Lag 1 residual autocorrelation = -0.0017)

Homoscedasticity

Residuals normally distributed (p=0.979), Figure 10-19

-

Calibration procedure
Predicted vs.
known

MIOP = 9.470 + 0.705Predicted(MIOP)

Calibration model

F(1)=367.8, RMSE 2.957, Lack of fit test p=0.689

MIOP = 1.359 – 7.102A1(length) + 0.044EDyn (e^) + 0.964A1(t) + 0.119e || (t0)
MIOP

= Manometry intraocular pressure (mmHg)

A1(length)
EDyn (e^)
A1(t)
e|| (t0)

= Length of applanation 2 (mm)
= Dynamic E-Modulus for longitudinal strain (N/m2)
= Time point of applanation 1 (frame)
= First detection of lateral strain (frame)
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Figure 10-19: Graphical analysis of the regression analysis for MIOP. a) Distribution of the residuals for the
model used to predict MIOP (E 9-1). b) Verification of the calculated MIOP using the repeatability sample at six
distinct MIOP level. Graph shows the individual cases and bars, which represent the mean and range, means
(SD) of calculated MIOP are provided for each MIOP level.

10.5 Discussion
Ex vivo pressure-volume experiments have been widely used to better understand IOP and the
mechanical behaviour of the cornea (Pallikaris et al., 2006, Pallikaris et al., 2005, Ytteborg, 1960a,
Perkins, 1981, Gloster and Perkins, 1957, Friedenwald, 1937a, Anderson et al., 2004, Bao et al.,
2012, Zeng et al., 2001). Using this type of experimental set-up, the pressure inside the globe
(MIOP) is manipulated by the increase in fluid volume into the globe; volume change directly
leads to a change in MIOP. This relationship is known as Boyle’s law (Boyle, 1662). The MIOP is
monitored by a direct pressure sensor, a manometer. To assess corneal material properties
using pressure-volume experiments, various assumptions need to be considered (Eisenlohr
and Langham, 1962, Eisenlohr et al., 1962). These include the assertion that the globe is isotropic
and considered to be a perfectly spherical vessel, with a large thickness to radius ratio. The
limitations of these assumptions are recognised since the globe is known to be anisotropic
under high tensile strength (>1Mpa) and fails to demonstrate a spherical conformation (Li et al.,
2016a, Li et al., 2016b, Singh et al., 2017, Chang et al., 1974, Nguyen et al., 2014). Despite the
failings of these pressure-volume assumptions, when using NCT, only low levels of stress
(<20kPa) are applied to the cornea and thus, the cornea can be considered to show quasiisotropic behaviour.
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10.5.1

Variability of corneal biomechanical properties at different MIOP levels

The variability of the corneal biomechanics across different levels of MIOP is rarely discussed
in the literature but is essential for the clinical interpretation of these parameters. If the metrics
used to assess biomechanics change in variability systematically according to changing MIOP
levels then it would question the use of central tendencies to discriminate between
populations: A methodical change in metric variability according to MIOP indicates that there
is wide inter-individual variability to the elevation of internal stress
Bao et al. (2012) assessed porcine eyes using an inflation procedure for MIOPs between 1.5 to
42.7mmHg and measured corneal apical displacement to evaluate the stress-strain behaviour.
Graphical validation of the relationship between E-Modulus and IOP showed that using the
tangential E-Modulus, the variability was 9.3x higher at maximum MIOP compared to the initial
variability; whereas for secantial E-Modulus, the variability increased by only 3x (Bao et al., 2012).
Boschetti et al. (2012) used the same technique to assess the mechanical characterisations of
porcine eyes. Within the range of 3.7 to 29.5mmHg; the SD of the apex displacement
approximately tripled (2.7x) (Boschetti et al., 2012). Metzler et al. (2013) used the CST to assess
human donor eyes at different MIOP levels and found increasing variability of all CST metrics
with increasing MIOP.
The results of the present experiment confirm the previous findings from the literature. Rigidity
and time of the maximum for longitudinal strain (e^) and lateral strain (e||), hysteresis and the
EDyn (e||) showed no significant difference in variability (relative IQR) over the MIOP range.
Although not significant, a correlation between MIOP and relative IQR were found for those
parameters; thus, indicating that their variability was not independent of MIOP change.
However, once the MIOP level had increased by >15mmHg, the trend of the relative IQR
changed for most parameters, indicating that a different corneal response occurs at these highpressure values. Anderson et al. (2004) supports this assertion and proposes that corneal
stress-strain behaviour can be divided into two distinct phases based on the MIOP level
(Anderson et al., 2004). Within low-level MIOP, the corneal stress-strain behaviour is assumed to
be regulated by ECM or ground substance, whereas after the collagen tension point, the
collagen fibres dominate the regulation of the material response. Within the low-level phase,
the collagen fibrils are assumed to remain loose and unable to contribute to the overall
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response. At a specific magnitude of stress, the fibril layer become taut due to increased
stiffness and begin to dominate the overall response which lead to a rise in corneal stiffness
(Anderson et al., 2004). Anderson et al. (2004) found the MIOP level at 4kPa (30mmHg), which
corresponds to the MIOP level of ∆+15mmHg (28mmHg). Most noticeable change in IQR after
this MIOP level were seen in the compressibility and rigidity for e^ and e||. Within the range of
pressures considered to be low, the IQR increased for these parameters, whereas a sudden
decrease to baseline level occurred beyond ∆+15mmHg. These findings support the
observation of Anderson et al. (2004) and suggest that the ground substance response is more
variable within the same cornea, whereas the collagen response is more homogenous,
assuming the theory of Anderson et al. is correct.
To approach the true intraindividual variability across different MIOP levels, it is imperative to
examine a large number of eyes. Sample size calculations by the partial correlation coefficients
between IQR and MIOP (baseline to ∆+15mmHg, ∆+15mmHg to ∆+37mmHg) estimated the
number of samples required was 102 eyes.
10.5.2

Evaluation of MIOP dependency of corneal biomechanical properties

The discussion below is based on two critical assumptions:
1.

the cornea is a viscoelastic tissue when assessing the response to an air puff; and

2.

the (dynamic) E-Modulus can be quantified using a scalar (Chapter III section 9.3.4.1,
page 183 et seq.).

A review of the literature pertaining to ex vivo experiments or theoretical simulations assessing
ocular biomechanics, it is evident that exploration of the relationship between IOP (presently
referred to as MIOP) and corneal biomechanical properties are restricted to measures of strain,
E-Modulus and rigidity.
Strain
With increasing MIOP the cornea was found to demonstrate hyperelastic stress-strain
behaviour: with initial low stiffness increasing gradually under increasing load. Apical
displacement experiments revealed that the initial low-level stiffness occurs between 15 to
20mmHg (Elsheikh et al., 2007, Elsheikh et al., 2008b). In view of these observations, it was
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expected that a decrease in corneal strain would be observed as a response to an air puff, with
increasing MIOP. As predicted, the longitudinal strain decreased with increasing MIOP.
Interestingly, the magnitude of the lateral strain remained stable up to ∆+30mmHg MIOP after
which it decreased with progressively higher MIOP. These finding contradict the observations
of Lombardo et al. (2014), who found an increase in lateral strain with increasing physical
pressure (Lombardo et al., 2014); the discrepancy is likely to be due to differences in loading
procedures used. In general, the lateral strain or compressibility of the corneal tissue is rarely
discussed in literature. Since this strain value would characterise the parallel response to the
air puff, more research is required to quantify the associated structural changes and its
contribution to the overall biomechanical response.
Zeng et al. (2001) assessed porcine and human donor eyes under uniaxial load to assess the
stress-strain relationship (Zeng et al., 2001). Modelling the stress-strain behaviour in porcine
and human eyes, they found a power function to optimally describing the behaviour.
Interestingly, within the range of the NCT air puff pressure, the relationship between stressstrain is almost opposite to the findings in the present experiment.
E-Modulus
It is assumed that the elastic modulus of the cornea is influenced by the non-uniform orientation
of the stromal collagen (Boote et al., 2005, Meek and Newton, 1999, Elsheikh et al., 2008a). Due
to the low levels of stress applied during NCT, these subtle mechanical characteristics may not
be detectable within the typical physiological IOP range. Thus, ex vivo experiments are needed
to investigate the relationship between MIOP and E-Modulus.

E-Modulus is reported as a tangent (instantaneous) of a non-linear stress-strain relationship or
as a secant (chord) and thus requires evaluation of the biomechanical properties across the
entire cornea (Buzard, 1992). It is generally assumed that E-Modulus within the IOP range of the
human globe (up to 70mmHg) increases linearly with increasing pressure (Draeger, 2008). The
results from the current study confirm this approximate relationship for both longitudinal and
lateral strain, characterising the dynamic E-Modulus as a secant (Chapter III section 9.3.4.1,
page 183). The dynamic E-Modulus was found to be the material property most influenced by
- 221 -

Chapter IV: Animal eye experiments
MIOP (R2 e^ 0.549, e|| 0.402). Interestingly, the relative E-Modulus (related to the respective
maximum) profile for e^ and e|| was similar, Figure 10-20. Which suggests that although the
magnitude of maximum EDyn(e^) was approximately 2.5x larger than the maximum EDyn(e||), the
relative change to the pressure increase was similar (0.8% per +1mmHg MIOP). Due to the
limited sample size included in the experiment, the validity of the results is limited.

Figure 10-20: Approximate relation between MIOP and the relative dynamic E-Modulus (relative to the
maximum; orange: longitudinal strain, green: lateral strain, linear regression, with 95% error bands.)

Rigidity
At the end of the 19th century, pioneering research was conducted to examine the elasticity and
tension of the ocular shell. Donders, Memorski and Berhold concluded that the sclera must be
rigid to maintain a stable optical system (Draeger, 1960, Kruse, 1960). Weber (1877) reported
significant inter-individual inconsistency in globe indentation and proposed that ocular shell
elasticity may explain the observed variability in indentation (Draeger, 1960, Kruse, 1960).
Subsequently, Friedenwald (1937) introduced ocular rigidity as a mathematical constant: with
increasing pressure (MIOP) the ocular rigidity also increases (Friedenwald, 1937b). More recent
investigations have revealed that the cornea demonstrates a nonlinear stress-strain behaviour,
which shows low-level stiffness at a physical pressure of 5mmHg-15mmHg and increased
stiffness at 140mmHg-165mmHg (Elsheik et al., 2008b). The results of the present experiment
contradict these previous observations. For both types of strain, rigidity was found to be
independent of MIOP: a finding that would be expected with stable material properties. The
discrepancy between the literature and the present findings are likely to be due to the different
definitions of ocular and corneal rigidity. Fridenwald (1937) defined ocular rigidity as a constant
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relating a given volume change to IOP changes, which provided a surrogate measure of the
resistance afforded by the ocular tissues to distending forces.
In comparison, the present thesis defines rigidity to be related to the force needed to
elongate/bend (longitudinal strain) or compress (lateral strain) the cornea during the
application of an air puff: hence ocular rigidity, by its definition, incorporates MIOP into its
calculation. Whereas, corneal rigidity as defined in this thesis is not dependent on MIOP: The
eye needs to express the same resistance against sudden extrinsic forces in the range of
possible IOPs. However, further investigations are required to examine if corneal rigidity
remains independent of MIOP when pathologically elevated levels are sustained.
Anderson et al. (2004) stated that the corneal response across rising MIOP levels could be
differentiated between two distinct behaviour for levels below and beyond 30mmHg MIOP. This
distinct MIOP level coincided with the turning point found for e|| (max), hysteresis, damping and
hysteresis e|| supporting the theory of a two-tier corneal response. Across the full range of MIOL
assessed, these parameters were found to show minimal dependency on MIOP. Further
analysis needs to be conducted to assess these parameters at MIOP levels above and below
the turning point separately.
10.5.3

Predicting MIOP using corneal kinematic and kinetic material properties

Indirect estimation of the pressure inside the globe using tonometry has significant limitations
(Chapter I section 2.4.2, page 35). It is assumed that intraindividual heterogeneity of the EModulus contribute as a major factor to the overall uncertainty of the measurement (Hamilton
& Pye, 2008; Kwon et al., 2008, 2010; Liu & Roberts, 2005; Orssengo & Pye, 1999; Woo et al., 1972a).
The results provided by this experiment confirmed the dependency of the dynamic E-Modulus
on MIOP as previously reported by Elsheik et al. (2007b, 2008b). Thus, to attain more accurate
IOP values, it is important to account for the corneal biomechanical properties of the cornea
when using indirect measurements, like NCT. The results demonstrate that deriving MIOP from
the length of applanation alone leads to erroneous results. To increase the accuracy of the
assessment; the first detection of lateral strain (e||), time point of applanation 1 (A1) and the
Dynamic E-Modulus for longitudinal strain (EDym) need to be considered in addition to the length
of applanation (A1). The model based on these parameters accounted for 79% of the variance.
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To calibrate this model for human eyes, human donor globes need to be assessed using the
same set-up and statistical procedures.
10.5.4
10.5.4.1

Limitations
Method

Pressure-volume experiments include the use of cannulation to manipulate the IOP, which may
produce unknown errors in measures of corneal biomechanics. Hernández-Verdejo et al. (2010)
and Sanchez (2014) investigated two different methods to manipulate MIOP using cannulas of
the same diameter. In one method, the globe was cannulated through the optic nerve into the
vitreous body; whereas the other method cannulated through the limbal area into the anterior
chamber. Contradictory results were achieved by the two investigators. Sanchez (2014) could
not find significant differences between the two procedures, whereas Hernandez-Verdejo et al.
(2010) showed that the indirectly measured IOP was lower using the cannulation into the
vitreous chamber compared to the anterior chamber method. It is likely that the viscosity of the
vitreous body caused this effect (Hernández-Verdejo et al., 2010). Since the present experiment
used the vitreous body cannulation, it is likely to have introduced the same error as observed
by Hernandez-Verdejo et al. (2010). All globes were processed equally, so the inter-eye effect is
suggested to be low. Nevertheless, fluid loss during the inflation process could have affected
the results (Sanchez, 2014). If vitreous body liquid entered the manometer system, the density
inside the inflation system would have changed. This was more likely to occur in the pressure
regulation from high MIOP to low MIOP since the fluid had to be injected and then subsequently
removed. Attempts were made to control for this error, by removing the liquid slowly.

Environmental factors, like temperature and atmospheric pressure, are assumed to have an
impact on the variability of pressure measurements (Eisenlohr and Langham, 1962, Eisenlohr et
al., 1962). Attempts were made to control those factors as much as possible. The room
temperature and humidity during the experiments were approximately constant, ranging from
17.3°C to 20.1°C, 41 to 43% respectively. For manipulating the MIOP, a single-tube manometer
filled with saline solution was used. Like all liquids, the density of the saline solution changes
with temperature and surrounding pressure. According to the range of room temperature
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during the experiment the density of saline solution varied between the range of ±(2.55•1004)g/cm3 (≈0.03%); introducing an error of ±1.8mmHg. The atmospheric pressure ranged from
a minimum of 1004.5hPa to a maximum of 1021.0hPa (relative changes of 1.6%) during the
experimental phase; introducing an additional source of error of less than 0.5mmHg. Therefore,
it can be assumed that the influence of the variability of both temperature and atmospheric
pressure were negligible.
To increase or decrease the MIOP, saline was drawn in/ out the closed system using a
connected syringe. Inside the system, the liquid had to overcome inertia and achieve a certain
MIOP level. After the system adaption to the aimed MIOP level, the saline solution and the globe
needed to stabilise and at the aimed MIOP level. Before reaching the equilibrium, the liquid
inside the manometer tube was oscillating around the particular pressure value. On average, it
took (12.3±2.8)s before the pressure value was adjusted precisely and steadily. The fluctuation
during the oscillation phase was (0.6±0.25)cmNaCl (assessed by using slow motion videos with
an iPhone 6 during the developmental phase of the experiment). To minimise the influence of
the instillation through the syringe, the addition and removal of liquid was conducted with an
average injection speed of approximately 0.5ml/min, controlled by visible evaluation of the
investigator.
To ensure a constant and consistent procedure, the investigator conducted training prior to the
data collection. Nevertheless, in some cases, the exact pressure level required could not be
achieved precisely. In those cases, it was necessary to readjust the amount of liquid in the
system using the syringe. All eyes in which a post-adjustment of more than ±1cmNaCl was
necessary were excluded from the respective data analyses. This applied to four pairs of eyes.
Additional to the environmental and procedure based errors, the individual parts of the
experimental set-up also have limitations. The systematic error of the system was mainly based
on the manometer scale, which indicated an error of ±0.25cmNaCl. To reduce the magnitude of
this error only full level of pressure values (cmNaCl) were required.
10.5.4.2

Transferability of the results to human corneal

For this experiment, porcine globes were used instead of human donor eyes. The
microstructure and mechanical stability of the porcine cornea are different to that of human
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corneas (Elsheikh et al., 2008b, Hayes et al., 2007). Using the CST Kling and Marco (2013) showed
that the deformation amplitude in porcine specimens was greater and the duration longer
compared to human donor globes (Kling and Marcos, 2013). Porcine corneas exhibit a higher
relaxation (Zeng et al., 2001) but showed an approximately uniform elongation for short-term
and long-term exposure to stress (Elsheikh et al., 2008b). Generally, the porcine cornea is thicker
but less rigid compared to humans; thus, it is likely to assess higher resistance against
deformation (Zeng et al., 2001, Elsheikh and Alhasso, 2009). However, this contradicts the results
of Elsheikh et al. (2008b), who found human corneas to be stiffer compared to porcine samples.
The average corneal curvature of human eyes is approximately 7.8mm, whereas the porcine
corneal curvature is considerable longer (8.45mm), resulting in greater flattening when exposed
to the same stress (Sanchez, 2014), which might lead to an underestimation in the dynamic
response to an air puff (Medeiros and Weinreb, 2006).
Considering the distinct differences between human and porcine corneas, the transferability of
the current findings is limited but can be used to define hypotheses which should be tested in
human donor eyes for confirmation.

10.6 Conclusion
Ex vivo experiments provide a valuable means to investigate the intrinsic and extrinsic
influencing factors of the corneal response to an air puff. The present investigation assessed
the influence of changing pressure inside the globe on corneal biomechanical properties
regarding their variability and change in magnitude. No significant differences in the variability
of corneal biomechanics across MIOP levels between 13 to 50mmHg of MIOP were found (ICC
longitudinal strain 0.889, lateral strain 0.655). However, the relative IQR correlated with MIOP
suggesting that the material properties responding differently varying within one individual
depending on MIOP. These findings need to be considered, for example in the estimation of the
tonometric uncertainty for high IOPs. The EDyn and compressibility for longitudinal and lateral
strain were significantly affected by MIOP (pred. R2: 0.549, 0.404), indicating that corneal
biomechanical changes occur when the IOP increases. These observations may have important
implications in understanding the pathogenesis of ocular conditions such as keratoconus and
glaucoma, Moreover, using kinematic and kinetic material properties as predictors, the MIOP
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could be modelled with A1(length), EDyn (e^), A1(t) and e||(t0) (verification: adj. R2 of 0.789
[p=0.000]).

What we knew:
1.

2.
3.
4.

What we know now:

It is assumed that the cornea follows a two-tier
response when stress is applicated, as a
boundary value MIOP of 30mmHg was
assumed.
Graphical validation revealed that the variability
of the tangential E-Modulus is dependent on the
internal globe pressure.
Ex vivo experiments showed that the E-Modulus
varied with MIOP.
Ocular rigidity was found to be strongly
dependent on MIOP.

1.
2.

3.
4.

5.
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The variability of the corneal biomechanical
properties is not independent of MIOP.
The two-tier corneal response is also noticeable
when assessing the intraindividual variability,
showing that during the first phase the
variability increased, but at the boundary of
30mmHg suddenly decreased to baseline level.
The dynamic E-Modulus was found to be
dependent on MIOP for both types of strain.
Relative profile of the E-Modulus vs. MIOP
showed that the relative increase in EDyn was
not different between longitudinal and lateral
strain.
Corneal rigidity was found to be approximately
independent for MIOP for both types of strain.

Chapter V
Methodology for in vivo clinical
studies
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11 Experimental developments for assessing the regional variation of
ocular biomechanics in vivo
Purpose: To investigate the in vivo distribution and heterogeneity of the corneal biomechanics,
set-ups should be developed allowing central, paracentral and peripheral measurements in the
living eye facilitating air puff tonometry.
Method: The individual design of the two devices used (CST, ORA) was the basis for the
development of the experiment design. For the CST, a circular grid was developed to facilitate
the real-time image of the patient's cornea during the adjustment of the measurement device.
The circular grid was designed to allow corneal positioning by using the alignment of the
limbus. To achieve precise positioning of the cornea, a fixation target was developed allowing
the contralateral eye to reach the target gazes. For the ORA, the corneal positioning needed to
be achieved by using the ORA body and considering the ocular rotation for distinct gazes.
To evaluate the reliability of the developed methods twenty eyes (10 healthy Caucasian subjects
(8 females, 2 males; mean age (32.0 ± 2.8) years, range 29 to 36 years) were examined
consecutively five times by one observer, and additionally, during another visit by two
observers independently.
Results: Experimental set-ups were developed allowing the in vivo investigation of the corneal
biomechanics heterogeneity across the cornea for different distances to the apex and within
the horizontal and vertical meridian using the CST (central, paracentral, peripheral) and ORA
(central, peripheral). The method for corneal positioning using the CST was highly
repeatable (ICC 0.909) and reproducible (ICC 0.893) and moderately repeatable (ICC 0.821) and
reproducible (ICC 0.684) using the ORA. The accuracy for CST positioning was very good and
for ORA positioning good.
Conclusion: With the developed method, it is possible to conduct CST and ORA measurements
across the cornea in distinct areas to investigate the heterogeneity of the corneal
biomechanical properties. With the CST in total nine and with the ORA, five different positions
are assessable.
Keywords: Corneal biomechanics • Cornea • Heterogeneity • ORA • CorvisST
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11.1 Introduction
Collagen fibril orientation is a key determinant of the mechanical strength provided by the
ocular connective tissues. The corneal stroma comprises approximately 90% of the cornea
structure and is mainly composed of water and collagen fibres (Chapter I section 1.3, page 8).
The unique arrangement of the collagen fibrils in the corneal and limbal stroma is particularly
important for the biomechanical properties of the cornea (Krachmer et al., 2004, Daxer et al.,
1998). Newton and Meek (1998) demonstrated that only 17% of the central collagen fibrils were
oriented orthogonally, while 83% showed isotropic alignment. Moreover, with increasing
distance from the centre, the corneal collagen fibrils show decreased alignment along the
superior-inferior axis (Aghamohammadzadeh et al., 2004, Boote et al., 2003, Newton and Meek,
1998). The mechanical strength of the cornea is determined by the density and orientation of
the collagen fibres. Since the collagen architecture varies across the cornea, several ex vivo
studies have demonstrated, significant regional variation in biomechanical strength (Hjortdal,
1996, Shin et al., 1997). Hjortdal et al. (1997) examined the elasticity of the cornea paracentrally
(1.5 to 3.5mm from apex), peripherally (3.5 to 5.5mm from apex), and at the limbus and
demonstrated significant regional variation in the levels of strain to a constant level of stress.
Interestingly, the central cornea exhibited the highest levels of strain which progressively
decreased in the peripheral regions (Hjortdal, 1996). Indeed, these observations have been
corroborated by other investigators (Hjortdal, 1996, Shin et al., 1997, Li et al., 2016a, Li et al.,
2016b, Singh et al., 2017, Chang et al., 1974, Nguyen et al., 2014) suggesting that the cornea
becomes more rigid from the apex to the limbus.
Biomechanical properties of the cornea play an important role in the aetiology of corneal
pathologies such as keratoconus and Fuchs' endothelial dystrophy. A comprehensive
understanding of corneal biomechanics is vital in refractive surgery and in attaining accurate
measurements of intraocular pressure. The growing evidence of regional variation in collagen
architecture and biomechanical strength provides a compelling need for assessing the regional
variation in corneal biomechanics in vivo to improve understanding of the pathogenesis of
corneal diseases but also for the purposes of screening and management. Due to the variability
of peripheral corneal curvatures and technical restrictions, reliable and consistent
measurements of corneal biomechanics off-axis measures have been limited thus far.
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11.2 General purpose
The aim of this developmental study was to design a set-up to enable the in vivo assessment of
ocular biomechanical properties across various regions of the cornea with the CST and the
ORA. Principally the investigation assesses the anterior corneal biomechanics centrally and at
8 distinct locations across the horizontal and vertical meridians Furthermore, reliability studies
were conducted to investigate the consistency in corneal positioning during measurements.

11.3 Methods
A major consideration when taking off-axis measurements is to ensure that the air puff is
applied orthogonally to avoid unequal pressure application allowing on-axis deformation of the
corneal tissue, Figure 11-1.

Figure 11-1: Effect of differently affected surfaces by an air puff and
the distribution of impulse energy (red) along the surface (t=time) (© 2017 Oehring, D)

Measurements were taken at distinct positions across the cornea: centrally (C), nasally (N),
temporally (T), superiorly (S) and inferiorly (I), Figure 11-2. To ensure consistency in the
measurement site location, three corneal zones (central, paracentral and periphery) were
considered as proportional to the full horizontal corneal diameter (white to white distance
(WTW). The paracentral and peripheral zones were defined as 40% and 80% of the WTW,
respectively. Eight off-centre corneal regions were assessed: paracentral-nasal (N-PC),
paracentral-temporal

(T-PC),

paracentral-superior

(S-PC),

paracentral-inferior

(I-PC),

peripheral-nasal (N-P), peripheral-temporal (T-P), peripheral-superior(S-P) and peripheralinferior (I-P).

- 231 -

Chapter V: Methodology

Figure 11-2: Definition of the regions aimed to assess: cornea should be assessed in the horizontal (purple) and
vertical (orange) meridian, thus, nasally (N), inferiorly (I), temporally (T) and superiorly (S). Furthermore, along
this meridians central, paracentrally and peripherally. (© 2017 Oehring, D)

The upper eyelids prevent access to the superior corneal regions; thus, the lids were gently
retracted by the examiner until the position was accessible. The examiner had to ensure that no
pressure was exerted to the globe. To ensure that the examiner was able to use a pressure free
technique to retract the eyelids of a patient behind a device, training was conducted prior to
the data collection. The training included retracting the patient's eyelid in both eyes separately
while monitoring the IOP with a conventional NCT in at least 10 volunteers.

11.3.1

CorvisST

The technical features of the CST dictated the design of the novel experimental set-up. The CST
provides a built-in screen to facilitate real-time viewing of the eye being examined (ipsilateral)
during alignment while the contralateral eye can fixate on an outside target. Manipulating the
gaze direction of the contralateral fixating eye provided the means to bring different regions of
the ipsilateral cornea into alignment.
The spatial distribution of the CST air puff has a diameter of 5mm (pressure >20% of its
maximum, Chapter III section 7.4.1, page 112) while the CST Scheimpflug imaging area has an
extent of 8mm. Transferred to the definition of the zones, the deflected areas are overlapping
by approximately 75% each side horizontally or vertically, respectively.
As corneal diameter varies between subjects, this needed to be considered to ensure that the
same corneal areas were being assessed for each subject; as such the precise measurement
location points must be proportional to the individual corneal diameter. Paracentral and
peripheral zones were considered as 40% and 80% distance from the centre, which equated to
distances of 60% and 20% from the limbus of respectively, Figure 11-3.
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Figure 11-3: CST measurement at different regions across the cornea. a) The peripheral zone (blue) were
defined at the radial distance of 80% of the white-to-white distance from the centre and the paracentral zone
(red) as 40% radial distance. The CST analysis area had an extent of 8mm and the air puff (pressure > 20%
maximum) 5mm. b) The CST screen before a measurement. The subject's eye was visible, and the centre of the
measurement area was aligned with the centre of the image. (© 2017 Oehring, D)

Figure 11-4: CST measurement grid: a) CST screen with the position grid and the cornea in
central position. The rings were consecutively numbered, since the algorithm used provided the
investigator with the ring number for exact positioning of the limbus. b) Example for the
measurements along the temporal horizontal meridian: (1) example cornea in the position for
central measurement. The limbus is only visible in the corners. (2) Paracentral measurement:
Using the algorithm, the limbus located at ring no. 9. (3) Peripheral measurement: the eye needed
to adduct until the limbus was located at ring no. 5. (© 2017 Oehring, D)
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The limbus was used as a landmark as it was visibly distinguishable from the surrounding
structures on the CST screen, Figure 11-4. For positioning the limbus, a custom-designed grid
overlay was designed for the CST screen with circular rings increasing in diameter in 0.5mm
incremental steps. When used with the WTW measurement, the grid provided a consistent
means of locating the paracentral and peripheral zones, E 11-1. The rings on the screen were
chronologically numbered. An algorithm was used to compare the distances, obtained by E 11-1
with the radii of the circles to choose the correct ring number for the positions and finally to
correct for the internal magnification.
WTW ∙ 𝑐𝑐(𝑍𝑍) = d

WTW = White-to-white (mm)
Z = Zones
c = Correction factor
c (PC) = 12/5
c (P) = 4/5

E 11-1

To ensure stable fixation, a custom-designed fixation target was developed, Figure 11-6. The
fixation aid was computed with Solidworks 2013 SP3.0 for Windows (Dassault Systèmes
SolidWorks Corp.). The drawing was printed with a 3D printer (MakerBot Replicator 2X,
MakerBot® Industries, LLC) providing an accuracy of 0.5mm, Figure 11-5a. Following a prototype
design and some modifications to the initial version, the device was printed again with a printer
providing an accuracy of 0.1mm (ProJet 660Pro 3D-Printer, Three D Systems Circle Rock Hill,
USA), Figure 11-5b and c. Colour coded Maltese crosses were used as a fixation target and a
high plus lens, placed between the target and the patients’ eye, to allow ease of focus.

Figure 11-5: CST fixation aid; left: printed components directly after finishing printing; right:
fixation aid clamped at the headrest of the CST (© 2017 Oehring, D)
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Figure 11-6: Schematic drawing of the final fixation aid; the first pictures shows the different
components; the red arrows give the possible directions for moving the particular
component; the box below shows the fixation aid from various viewings in detail. (© 2017
Oehring, D)
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11.3.2

Ocular response analyser

Unlike the CST, the ORA device does not allow a real-time view of the eye being examined, and
the fellow eye is occluded by the body of the instrument. As such it was not possible to
implement the CST set-up for determining the paracentral and peripheral zones with the ORA.
Therefore, the protocol for the ORA aimed to assess the central and peripheral cornea only. To
allow this, the fixation target positioning for the various gaze directions needed to be defined,
Figure 11-7a.
According to the Fick's and Listing's model of ocular rotation, the mechanical centre of rotation
(CoR) lies at the centre of the globe (Fry and Hill, 1962, Fry and Hill, 1963, Boeder, 1957). Thus,
CoR can be calculated by subtracting the scleral radius from the axial length, Figure 11-7b. To
develop the ORA fixation target positions, the following assumptions were upheld:
×

Corneal diameter and peripheral cornea: The average corneal diameter in healthy human
adults is (11.70 ± 0.026)mm horizontally and approximately 1mm shorter vertically (Rufer et
al., 2005b, Matsuda et al., 1992). Based on the spatial distribution of the ORA air puff
(Chapter III section 7.4.2, page 120), the peripheral cornea was defined as 80% of the
corneal diameter, thus, was positioned at a radial distance of 9.36mm horizontally and
8.56mm vertically (a'), Figure 11-7.

×

Anterior chamber depth: In healthy eyes, the mean ACD was found to be 3.15mm (SD 0.3)
within an age range 20 to 40 years (Fontana and Brubaker, 1980). The average value was
used for further simulations.

×

Axial length: The distance between the corneal surface and RPE in healthy human adults is
on average (23.92 ± 1.23)mm for emmetropic eyes. Axial length varies with refractive error:
longer in myopic and shorter in hyperopic eyes (Cruysberg et al., 2010, Grosvenor and Scott,
1994). For the purposes of this study the average axial length of 24mm for an emmetropic
human eye was considered(Gullstrand, 1901).

×

Scleral shape and radius: It is assumed, that the sclera is shaped as an ellipsoid with equal
main axes in the x-y and x-z planes. Thus, rotation distance does not vary between vertical
and horizontal eye movement. Previous studies found the radius along the y-axis to be
between 11 to 14mm (Lee et al., 2016c, Jesus et al., 2017, Choi et al., 2014). A recent study by
Choi et al. (2014) reported an average radius of (13.12 ± 0.80)mm.
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Figure 11-7: Schematic of the fixation target position for assessing regional variation in corneal
biomechanics using the ORA. a) The mid-peripheral corneal region (red circle) was measured.
The mid-peripheral cornea was defined by 80% of the radial distance from the apex. Thus, the
eye needed to rotate the distance a'. b) Geometrics of the globe in order to determine the centre
of rotation (CoR) considering the scleral curvature and axial length. (© 2017 Oehring, D)

Applying the approach and the assumptions described above, the human healthy eye was
modelled to determine the length of the second main axis of the sclera. The scleral ellipsoid
spanned between the limbus, axial length and the y-axis could be described by the equation:
181.08x2 + 2.18xy + 258.70y2 892.85y = 31,170.95 (x and y in mm).
Thus, the scleral radius along the x-axis was determined by 11.1mm and CoR (c) was 12.9mm
behind the corneal anterior surface. The fixation target positions were determined - depending
on the distance between eye and target - using E 11-2, Figure 11-7b.
𝑎𝑎′
𝑎𝑎Õ
=
(𝑑𝑑 − 𝑐𝑐Õ )
𝑏𝑏 + (𝑑𝑑 − 𝑐𝑐Õ )

an
a'
b
c1
e

= Distance between central and peripheral target (mm)
= Rotation distance (mm)
= Distance between eye and target (mm)
= Scleral radius in visual axis direction (mm)
= Axial length (mm)

E 11-2

As the subject’s view from the contralateral eye is blocked by the tonometer, the fixation targets
were placed on the ORA body such that the ipsilateral eye could fixate on them. The subjects
were asked to fixate on the various targets on the tonometer head while the opposite eye was
covered with an eye patch, Figure 11-7. In the current set-up, the distance between CoR and
target (b) was 26.6mm. Based on the distance between eye and target, rotation distance (a') and
CoR, the displacement of the fixation targets needed to be 14.7mm horizontally and 13.5mm
vertically to reach a sufficient gaze shift for peripheral corneal measurements. The central
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position was assessed by focusing the central green light of the ORA head as per normal IOP
measurements.
Due to the limited accessibility and to ensure stable positioning during the measurement, the
fixation targets needed to be placed on the ORA measurement head. Trial investigations
showed that the most stable and consistent positions for the targets were 18.8mm horizontally
and 11.7mm vertically from the centre. These findings violated the requirements above and
resulted in a theoretical rotational distance of 6.1mm horizontally and 3.8mm vertically.
Nevertheless, further evaluation of the positioning demonstrated that using this set-up, four
distinct peripheral corneal zones (inferior, nasal, superior and temporal) could be reliably
assessed with the ORA, Figure 11-8.

Figure 11-8: ORA fixation target position: a) The schematic shows the target distances calculated using
the theoretical assumptions. Whereas the actual targets were placed around the ORA head in wider
distances horizontally as vertically. b) A subject is focusing on the left outer target point for measuring
the nasal peripheral cornea in the left eye. (© 2017 Oehring, D)

11.3.3

Reliability studies

Intra- and interexaminer repeatability was assessed for determining the eight off-centre
measurement locations with both devices.
Twenty eyes (10 healthy Caucasian subjects (8 females, 2 males; mean age (32.0 ± 2.8) years,
range 29 to 36 years) were examined consecutively five times by one observer (DO). At the same
visit two observers (DO, EH) examined the twenty eyes independently. Order of investigator,
device, position and laterality of the eyes were randomised. Randomisation was conducted
using Excel 2010 Mac.
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11.3.3.1

CST positioning

In order to assess the variability in determining the off-centre corneal locations with the CST, a
standalone camera was placed orthogonal to the CST screen, and the view from the screen was
recorded during the whole measurement event. Subsequently, the last frame when the eye was
just visible, was used to determine the position of the eye during the measurement. As the CST
does not provide real-time images of the eye during the measurement, it was assumed that on
the application of the air puff the eye did not move vertically or horizontally.

Figure 11-9: Procedure to evaluate the reliability of the corneal positioning during CST air puff measurement.
During the CST measurement procedure, a camera captured the CST screen and the last image showing the
eye was used to evaluate the corneal position. Example: a) measurement number 1, the limbus was positioned
at ring number 10, and b) measurement number 2, shows that the cornea was at a different position at ring
number 9.5. (© 2017 Oehring, D)

The images captured with the camera were further analysed by manually fitting a curve to the
limbus and determining the alignment ring number on the grid overlay, Figure 11-9. Using this
procedure, the consistency between measurements but also the accuracy of the positioning
was evaluated. The accuracy of the corneal positioning during CST measurements was
assessed by comparing the ideal ring number obtained by E 11-1 (page 234) with the actual ring
number achieved during the measurement.
11.3.3.2

ORA positioning

To evaluate the repeatability of the off-centre corneal measurement locations with the ORA, a
plane mirror was mounted at 30° to the device body (Figure 11-10a [3]) and a camera was
positioned 65° to the mirror (Figure 11-10a [4]), allowing visualisation of the eye during
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measurement, Figure 11-10b. With the ORA, the corneal reflection of the IR beam is located in
the centre of the measurement area. The position of the IR corneal reflex was used to evaluate
the off-centre corneal position, Figure 11-9b and c.
The images captured on the standalone camera were evaluated to examine the repeatability of
the corneal positions. Identifying the frame in which the last IR reflex was just clearly visible was
magnified and used for analysis. Based on the WTW distance of the subject's eye an ellipse was
fitted to the limbus and the x and y-distance of the IR reflex to the limbus measured,
Figure 11-10c. The parallax error was considered in the final distances.

Figure 11-10: Experimental set-up to evaluate the ORA positioning. a) Schematic of the set-up
during the air puff measurement. b) An example of the IR reflex in the left eye during, nasal,
central and temporal position. c) A curve was fitted at the limbal region and the distance of the
IR reflex to the curve measured. (© 2017 Oehring, D)

11.4 Results
The corneal positioning in both devices was evaluated assessing the repeatability (intra) and
reproducibility (inter) for observer variability. Intraobserver reliability was evaluated by taking
five measurements by one observer (DO). Interobserver reliability was evaluated by two
observers (DO, EH), taking one measurement per position.
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11.4.1

CST positioning

11.4.1.1

Intraobserver

The mean difference in the paracentral and peripheral measurements was (-0.06 ± 0.45)mm and
(0.25 ± 0.55)mm, respectively. The largest difference was observed for S-P (0.4 ± 0.30)mm.
Highest repeatability was seen for T-PC (0.0 ± 0.16)mm, Table 11-1. No significant difference was
observed between repeatability for the eight different off-centre locations (PC F(3)=0.143
p=0.867, P F(3)=1.888 p=0.155). Overall, identifying the off-centre location points showed a high
level of concordance (95%CI: ICC 0.821 to 0.913 with Cronbach’s alpha from 0.932 to 0.969).
Table 11-1: Intraobserver evaluation for the corneal positioning during CST measurement (n=10; 20 eyes).
Differences are provided as mean ± SD and the range as the difference between the highest and lowest
value. Accuracy describes the distance of each measurement from the subject's mean.
Position

Differences (mm)

Range (mm)

Accuracy (mm)

CoV

ICC

Paracentral
Inferior

0.0 ± 0.06

0.07

0.02

0.6%

0.914

Nasal

-0.1 ± 0.05

0.06

0.03

0.9%

0.744

Superior

0.1 ± 0.14

0.17

0.05

1.4%

0.924

Temporal

0.0 ± 0.16

0.20

0.04

1.4%

0.853

10.6%

0.718

Peripheral
Inferior

0.6 ± 0.30

0.38

0.20

Nasal

0.2 ± 0.10

0.12

0.07

4.6%

0.893

Superior

0.6 ± 0.47

0.54

0.25

14.8%

0.777

Temporal

0.3 ± 0.17

0.20

0.10

5.5%

0.901

Table 11-2: Evaluation for the corneal positioning for five repeated CST measurements (n=10; 20 eyes), the
average and the relative SD of the distance between the calculated and actual ring number was assessed.

Position

Ideal ring no.

Actual ring no.
Mean

Difference between calculated
and actual position (mm)
Max

Min

Paracentral
Inferior

7.7 ± 0.37

7.4 ± 0.55

-0.21 ± 0.376

0.625

-1.250

Nasal

7.7 ± 0.37

6.9 ± 0.71

-0.51 ± 0.477

0.625

-1.563

Superior

7.7 ± 0.37

7.3 ± 0.65

-0.25 ± 0.398

0.625

-1.250

Temporal

7.7 ± 0.38

6.8 ± 0.64

-0.55 ± 0.419

0.313

-1.250

Peripheral
Inferior

3.0 ± 0.00

4.1 ± 0.84

0.71 ± 0.522

2.188

0.000

Nasal

3.0 ± 0.00

3.8 ± 0.45

0.53 ± 0.280

0.938

0.000

Superior

3.0 ± 0.00

3.6 ± 0.83

0.40 ± 0.518

1.875

-0.625

Temporal

3.0 ± 0.00

3.7 ± 0.58

0.42 ± 0.360

0.938

-0.625

- 241 -

Chapter V: Methodology
When assessing the concordance between the actual grid ring used to identify the corneal
location and the calculated ring number, the mean difference in the paracentral and peripheral
locations was (-0.36 ± 0.36)mm and (0.51 ± 0.29)mm, respectively, Table 11-2. Differences within
the paracentral zone were not significantly different from the differences within the peripheral
zone (t(179)=1.619 p=0.108). No significant difference was identified between calculated and
actual ring numbers for all paracentral and peripheral location points (PC F(3)=0.267 p=0.951, P
F(3)=1.084 p=0.374). Overall, calculated and actual corneal position showed an excellent level of
concordance (95%CI: ICC 0.880 to 0.938 with Cronbach’s alpha 0.936 to 0.968).
11.4.1.2

Interobserver

The mean difference between observers for paracentral and peripheral corneal positions was
found to be (-0.06 ± 0.46)mm and (0.13 ± 0.50)mm, respectively, Table 11-3. No significant
difference was found between the two examiners for all off-centre locations (PC F(3)=0.242
p=0.623, P F(3)=3.145 p=0.079). Overall, corneal positioning showed a high level of concordance
(95%CI: ICC 0.858 to 0.928 with Cronbach’s alpha 0.924 to 0.962).
Table 11-3: Interobserver evaluation for the corneal positioning during CST measurement (n=10; 20 eyes).
Differences are provided as mean ± SD and the range as the difference between the highest and lowest
value. Accuracy describes the distance of each measurement from the subject's mean.
Position

Differences (mm)

Range (mm)

Inferior

0.0 ± 0.43

1.37

Nasal

0.0 ± 0.41

Superior

0.0 ± 0.51

Temporal

-0.1 ± 0.51

1.76

Accuracy (mm)

CoV

ICC

0.01

0.3%

0.803

1.04

0.01

0.3%

0.912

1.76

0.02

0.6%

0.708

0.05

1.6%

0.691

Paracentral

Peripheral
Inferior

0.2 ± 0.53

1.15

0.07

3.9%

0.886

Nasal

0.1 ± 0.30

0.61

0.06

3.4%

0.839

Superior

0.1 ± 0.70

2.26

0.03

1.7%

0.606

Temporal

0.2 ± 0.43

0.74

0.10

5.9%

0.743

The mean difference between calculated and actual corneal positions paracentrally was
(-0.41 ± 0.458)mm and peripherally (0.66 ± 0.374)mm for observer 1 and paracentrally
(-0.37 ± 0.408)mm and peripherally (0.53 ± 0.469)mm for observer 2. The differences between
calculated and actual position were not statistically significant between both observer
(t(179)=250 p=0.627), Table 11-4.
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Table 11-4: Evaluation for the corneal positioning between two different observers for CST measurements at
different positions (n=10; 20 eyes). p-Values are derived from two-tailed t-test for paired samples for the
differences between actual and calculated position between the two observers.
Position

Calculated ring no.

O1: Actual ring no.

O2: Actual ring no.

p

Paracentral
Inferior

7.8 ± 0.37

7.4 ± 0.49

7.4 ± 0.66

0.888

Nasal

7.8 ± 0.37

6.9 ± 0.67

6.9 ± 0.75

0.920

Superior

7.8 ± 0.37

7.3 ± 0.72

7.4 ± 0.44

0.862

Temporal

7.8 ± 0.37

6.8 ± 0.68

6.9 ± 0.56

0.593

Peripheral
Inferior

3.0 ± 0.00

4.4 ± 0.83

4.2 ± 0.82

0.432

Nasal

3.0 ± 0.00

4.0 ± 0.32

3.8 ± 0.51

0.223

Superior

3.0 ± 0.00

3.9 ± 0.58

3.8 ± 0.91

0.731

Temporal

3.0 ± 0.00

3.9 ± 0.39

3.8 ± 0.63

0.101

11.4.1.3

Off-centre corneal positioning during CST measurements - sample population

Using the method described before, 113 healthy subjects (both eyes) were assessed at nine
positions across the cornea. Two distinct measurement zones were assessed: mean radial
distance for paracentral measurements was (2.3 ± 0.35)mm, range 1.2 to 3.7mm, and peripheral
measurements (4.6 ± 0.35)mm, range 3.8 to 6.4mm. A significant difference was found between
the location of the paracentral and peripheral zones (t(225)=57.63 p=0.000; r=0.059 p=0.255), and
Table 11-5.
Table 11-5: Evaluation of the position of CST measurements across the cornea (n=113, 226 eyes). Distance
values are provided as a corneal radius from the corneal centre (mm). p-Values are derived from RM oneway ANOVA.
Peripheral distance

Paracentral distance

p

Mean ± SD

Max

Min

Mean ± SD

Max

Min

Inferior

4.5 ± 0.26

5.6

3.9

2.3 ± 0.30

3.1

1.6

0.000

Nasal

4.7 ± 0.26

5.4

3.8

2.4 ± 0.34

3.7

1.6

0.000

Superior

4.6 ± 0.43

6.4

3.8

2.3 ± 0.37

3.4

1.2

0.000

Temporal

4.7 ± 0.41

6.3

4.2

2.4 ± 0.38

3.6

1.5

0.000

Relative to the individual WTW distances, the CST measurements were conducted at
(41.3 ± 2.95)% paracentrally and at (77.7 ± 2.99)% peripherally, Figure 11-11. Within the peripheral
zone the temporal meridian was significantly further away from the centre than the nasal and
inferior meridians (F(3)=4.457 p=0.004; Post-Hoc: N-T p=0.039, I-T p=0.003). Within the paracentral
zone, the temporal meridian was significantly further away from the centre than the vertical
meridians (F(3)=8.470 p=0.000; Post-Hoc: I-T p=0.000, S-T p=0.002), Table 11-5 and Figure 11-11.
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No significant interaction intereye comparison and positions were found (F(5.374, 102.114)=0.431
p=0.838).

Figure 11-11: Positions of the CST measurements of the sample population (blue: peripheral, red: paracentral,
green: central area): a) distribution (Tukey's box plot) of the positioning related to the individual WTW distance.
The coloured bands represent the range of the respective zone. b) Overview of the nine positions at the cornea
(error bar represents the SD). The white shaded areas represent the extent of an air puff when applied to the
peripheral and paracentral zones.

11.4.2

ORA

Repeatability for off-centre measurements with the ORA was assessed by considering the
distance between the IR reflex on the cornea and the limbus in horizontal and vertical meridians.
Cardinal coordinates were transferred into vectors, and subsequently, the lengths and angles
are examined.
11.4.2.1

Intraobserver

The mean difference for the vector length between corneal positions was found to be
(0.03 ± 1.640)mm, ranged from -4.93 to 4.57mm, and for the vector angle (-1.0 ± 3.11)°, ranged
from -19.2 to 17.6°, Table 11-6. No significant difference was observed between the corneal
positions during consecutive ORA measurements (vector length F(1.996, 197.6)=0.086 p=0.920,
angle F(1.992, 197.2)=2.519 p=0.083). Overall, corneal positioning showed a high level of
concordance (95%CI ICC: vector length 0.769 to 0.874 with Cronbach’s alpha 0.909 to 0.954;
angle 0.769 to 0.874 with Cronbach’s alpha 0.909 to 0.954).
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Table 11-6: Intraobserver evaluation for the corneal positioning during ORA measurement (n=10; 20 eyes).
Differences are provided as mean ± SD and the range as the difference between the highest and lowest
value. Accuracy describes the mean distance of each measurement from the subject's mean.
Position

Differences

Range

Central

0.15 ± 1.021

4.44

Inferior

0.20 ± 0.556

Nasal

-0.17 ± 0.656

Superior
Temporal

Accuracy

CoV

ICC

3.99

13.0%

0.281

2.00

2.92

13.0%

0.828

2.78

3.45

14.5%

0.605

0.15 ± 0.636

2.29

2.53

6.2%

0.205

-0.17 ± 0.554

2.21

6.37

11.9%

0.504

Vector length (mm)

Angle (°)
Central

1.0 ± 12.52

58.7

7.5

16.6%

0.387

Inferior

-0.6 ± 5.60

19.7

3.8

19.8%

0.396

Nasal

-0.4 ± 9.61

43.7

6.1

10.2%

0.429

Superior

-0.1 ± 4.65

14.9

2.9

4.6%

0.339

Temporal

1.9 ± 10.93

40.5

8.4

14.1%

0.379

11.4.2.2

Interobserver

The mean difference for the vector length between corneal positions was found to be
(0.03 ± 2.751)mm, ranged from -5.96 to 7.82mm, and for the vector angle (0.0 ± 7.90)°, ranged from
-21.2 to 19.6°, Table 11-7. No significant difference was found between the two observers for all
off-centre ORA measurements (vector length t(99)=0.095 p=0.924, angle t(99)=0.261 p=0.795).
Overall, corneal positioning by the two observers showed a moderate level of concordance
(95%CI ICC: vector length 0.214 to 0.547 with Cronbach’s alpha 0.353 to 0.707; angle 0.581 to 0.786
with Cronbach’s alpha 0.735 to 0.880).
Table 11-7: Interobserver evaluation for the corneal positioning during ORA measurement (n=10; 20 eyes).
Differences are provided as mean ± SD and the range as the difference between the highest and lowest
value. Accuracy describes the mean distance of each measurement from the subject's mean.
Position

Differences

Range

Central

-0.30 ± 1.220

4.62

Inferior

0.03 ± 0.619

Nasal

0.01 ± 0.578

Superior
Temporal

Accuracy

CoV

ICC

6.27

15.0%

0.571

2.45

2.28

12.8%

0.314

2.24

4.14

13.7%

0.587

-0.10 ± 0.802

2.99

1.93

6.1%

0.476

-0.20 ± 0.68

2.48

4.49

12.9%

0.015

Vector length (mm)

Angle (°)
Central

1.0 ± 13.59

42.6

10.3

23.0%

0.552

Inferior

-0.5 ± 5.45

18.2

3.8

19.6%

0.622

Nasal

3.4 ± 8.50

29.5

6.5

10.9%

0.366

Superior

-2.1 ± 5.18

18.2

3.5

5.4%

0.226

Temporal

1.5 ± 11.9

39.2

9.8

16.1%

0.154
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11.4.2.3

Off-centre corneal positioning during ORA measurements

To define the corneal measurement zones assessed with the ORA data collected for the
repeatability analysis were used (20 eyes six times by Observer 1 = 120 records per position,
plus 20 eyes one time by Observer 2 = 20 records per position; in total 140 readings per position).
The analysis showed that five distinct areas could be identified with the ORA set-up described
afore, Table 11-8 and Figure 11-12. Coordinates for each area were significantly different (xcoordinate: F(3.013, 396)=398.4 p=0.000, Post-Hoc comparisons C-S p=0.949, rest comparisons
p=0.000; y-coordinate: F(3.011, 298.1)=340.8 p=0.000). Coordinates are provided relative to the
WTW distance; origin was set temporally, Figure 11-12b.
Table 11-8: Corneal positioning during ORA measurement (140 readings). Coordinates are provided relative
to the WTW distance, origin was set temporally.
Central

Inferior

Nasal

Superior

Temporal

x-Coordinate (%)

45.6 ± 14.26

40.0 ± 11.52

80.5 ± 5.40

45.5 ± 13.59

19.1 ± 7.49

y-Coordinate (%)

43.0 ± 12.65

14.3 ± 3.91

38.3 ± 10.94

78.2 ± 16.69

40.7 ± 12.66

Figure 11-12: Positions of the ORA measurements: a) distribution (Tukey's box plot) of the positioning related
to the individual WTW distance for the x and y-coordinates. The mean corneal radius is highlighted as a dotted
line. b) Overview of the five positions at the cornea for OD (error bar represents the SD for each direction). The
coloured, shaded areas are highlighting the error ellipse (SD) for the respective area. The measurement areas
are decentred towards inferior, temporally as the horizontal areas are located below the horizontally corneal
meridian and the vertical areas left from the vertically corneal meridian (yellow, dotted lines).
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11.5 Discussion and Conclusion
Hitherto, in vivo corneal biomechanics have only been assessed centrally. The present study
describes a novel set-up for assessing off-central corneal regions with NCT.

11.5.1

Corneal positioning during CST measurements

The study demonstrated that the CST could be utilised to assess off-centre corneal regions
across the horizontal and vertical meridian, within the paracentral and peripheral zones,
Figure 11-13. The method for assessing regional variation was highly repeatable and
reproducible. Highest variability was observed for the superior and inferior peripheral areas.
Inconsistency related to limited vertical gaze change in some subjects, is likely to explain some
of the variability seen in the vertical meridian. Despite these limitations, locating the site for offcentre measurements was not significantly different from the calculated (ideal) positions
following consecutive measurements and assessment with multiple observers.

Figure 11-13: CST Scheimpflug images from different positions combined, showing the horizontal meridian of
the cornea with highlighted deflection areas (coloured area) and the respective position of the highest
deformation (coloured line). (© 2017 Oehring, D)

When off-centre corneal regions were assessed within the study population (detailed
explanation: Chapter VI section 13, page 314 et seq.) the paracentral and peripheral I, N, S and
T measurements were within (41.3 ± 2.95)% and (77.7 ± 2.99)% from the corneal centre,
respectively. Within the sample population, the peripheral T areas were significantly further
away from the centre than the N (0.7%) and I (1.2%). A similar trend was also seen for the
paracentral temporal regions which were found to be significantly further away than the I (1.4%)
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and S (1.2%) regions. Although, both the peripheral and paracentral T areas were found to be
significantly different; this variation represented an average difference of 0.9%. Since the SD of
each area exceeded this average difference, it can be assumed that this difference is likely to
have no clinical impact.
There are limitations to the proposed method of assessing the off-centre corneal regions.
Potential variability introduced from involuntary rotational eye movement or spontaneous
fluctuations in torsional eye positions are not considered. Specifically, changes in fixation and
torsional rotation related to lid movement and retraction need to be accounted for. Slower and
minute involuntary eye movements such as micro saccades, tremors and drifts that occur
during fixation, may also have contributed to the instability of eye positioning (Pansell et al.,
2011, Boyce, 1967, Drischel, 1965). The potential amplitude of eye movements during fixation is
less than one degree (Pansell et al., 2011), which is equivalent to less than 0.2mm in terms of CST
measurement distance. Since the positioning grid for limbal alignment has a resolution of
0.5mm any confounding effects of involuntary eye movement are unlikely to lead to an
unstable positioning during the CST measurements. Additionally, rotational movements are
also likely to occur during the air puff application. Chapter III section 8 (page 137 et seq.)
showed that the globe retracts during the air puff application which is accompanied by minor
lid closure. This rotational movement is likely to change the corneal position. Riggs et al. (1987)
showed that during monocular fixation and blinking the globe shifts downwards depending on
the direction of gaze and the blink amplitude. Their findings suggest that the globe rotates
faster and prior to the actual lid movement by approximately 50°/sec (Riggs et al., 1987). Since
the air puff only lasts for a maximum 22ms, the globe would rotate less than 1°, which is unlikely
to affect corneal position.
Although the impact of globe movement during the CST measurement might be negligible, to
ensure exact positioning of the cornea, it is mandatory that potential investigators conduct
training prior to data collection. During CST measurements, the patient needs to be instructed
clearly and continuously. Additionally, the investigator has to ensure to look from straight above
to the screen when guiding the patient's eye in the correct position, to avoid blurriness or
shadowing on the CST screen. Further developments should include automated tracking of the
limbal area to improve corneal positioning.
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11.5.2

Corneal positioning during ORA measurements

Since the introduction of the ORA in 2005 numerous studies have assessed the ORA metrics in
both healthy and pathological eyes (Kirwan et al., 2006, del Buey et al., 2009, Franco and Lira,
2009, Kamiya et al., 2009, Abitbol et al., 2010, Kaushik et al., 2012, Luce and Taylor, 2006a, Pinero
et al., 2010, Lee et al., 2016b, Roberts, 2016). All such measurements have been limited to central
corneal

measurements.

The

method

proposed

here

provides

a

robust

and

repeatable technique for assessing defined peripheral areas across the cornea. The method
for assessing regional variation of the ORA metrics was both, highly repeatable and moderately
reproducible. Highest variability was found centrally.
The central position was reached by focusing on the green light in the centre of the tonometer
head. One possible reason for the inconsistency in central positioning could be that the
volunteers were distracted by the surrounding IR diodes and changed focusing between the
green fixation target and the IR diodes. Another possible influencing factor could be the
movement of the ORA tonometer head towards the subject’s eye prior to the air puff
application. Verbal evaluation of the subject’s assessment experience revealed that the
patients experience discomfort during the central measurements; the discomfort was related
to the tonometer head movement. When fixating the off-central targets, the fixation target
remained stable, which could have resulted in a more stable positioning. The finding of the
highest variability of positioning in the centre of the cornea could not be finally explained.
Generally, the intraobserver reliability was found to be higher than the interobserver reliability.
It is likely that the instruction given to the patient and the duration of the measurement
procedure influenced the corneal positioning during ORA measurements. Observer 1
conducted the whole procedure within 2min 52s on average during this evaluation phase,
whereas observer 2 needed twice as long. It is likely that the accuracy of the positioning is
decreasing the longer the subject had to focus on the respective target. Moreover, the subject's
head needs to be placed centrally on the headrest. Unlike other NCT devices, the ORA does not
offer a chinrest to stabilise the position during measurements. Thus, one main reason for the
variability observed in the positioning was the inconsistency of the position of the subject's
head. Using the proposed method within the sample population to assess ORA metrics across
the cornea in healthy adult humans, the investigator needed to ensure to instruct the subject
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clearly, conduct the measurement as quickly as possible and also to ensure consistent
positioning of the head, especially after changing laterality
The study aimed to assess the peripheral cornea along the horizontal and vertical meridians.
The peripheral cornea was defined as the area 80% of the WTW radial distance from the centre.
Using the proposed method, the zones examined were located approximately in the defined
position by 81.3% of WTW radial distance from the centre, but with a temporally, inferior offset
by -10.5% horizontally and -7.3% vertically. This shift was found in each of the aimed positions.
One possible reason for the offset was found in the positioning of the patients head during the
measurement. Different to other NCT devices the corneal plane (subject's face) is not
orthogonal to the device body, it was found to be slightly tilted, so that the participant had to
look slightly upwards, nasally to reach the central position. Although the proposed method
exhibits limitations, five clearly distinguishable corneal positions can be assessed during ORAmeasurements in vivo.

What we knew:
1.
2.

What we know now:

Ex vivo experiments showed, that the cornea
exhibits regional heterogeneity in the stressstrain behaviour.
The E-Modulus was shown to vary significantly
between horizontal and vertical meridians. This
is to be assumed, to account for a large amount
of random error in NCT.

1.
2.

3.
4.
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It is possible to facilitate the CST and ORA to
measure the corneal response to an air puff at
distinct regions across the cornea.
With the CST, it is possible to assess corneal
biomechanics
centrally,
paracentrally,
peripherally within the horizontal and vertical
meridian.
With the ORA, it is possible to assess the corneal
biomechanics centrally and peripherally within
the horizontal and vertical meridian.
Both methods, investigating the within-subject
variability are highly reliable.
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12 Ocular biometry
Purpose: The aim of the study was to investigate the ocular biometry of a healthy human adult
sample, including all structures related to the anterior segment of the eye. The primary
emphasis of the study was to provide a high-quality database including the intereye variability,
distribution and variance within the sample population of ocular biometrics.
Method: Healthy human adults (n=113, 226 eyes; 29% males and 71% females; aged (24.5 ± 6.1)
years, ranged between 18.2 to 40.0 years) were assessed in this exploratory study using a variety
of non-invasive devices to measure corneal topography, densitometry, thickness and anterior
scleral profile - including limbus architecture and scleral thickness - as well as anterior chamber
characteristics, axial distances, refractive error and visual acuity. The effect of intereye
variability, demographic characteristics as well as regional and meridional variation was
analysed using ANOVA for each parameter. If applicable, methods were developed to assess
the distribution of the intraindividual variability of ocular biometrical characteristics. Newly
developed methods were evaluated by assessing the reliability.
Results: The results of the corneal eccentricity and corneal astigmatism, corneal thickness,
anterior chamber characteristics and lens thickness differed as a function of the age. Only for
anterior chamber angle and limbal length significant differences between genders could be
revealed. Also, the length of the limbus was significantly smaller in Caucasian eyes compared
to other ethnicities. The sagittal corneal radii and the anterior scleral profile were found to be
strongly heterogeneous, for both meridional and radial distances (f>0.25).
Novel method to assess the intraindividual corneal thickness variability showed that the
peripheral thickness was highly variable and revealed four different types of corneal thickness
progression.
The methods for determining the anterior scleral thickness profile (including limbus
architecture and scleral thickness up to 7mm distance from the scleral spur in 1mm increments)
using OCT imaging showed excellent intraobserver and high interobserver reliability (ICC>0.8).
Conclusion: Ocular biometrical data for healthy human adults (UK), grouped by age, gender,
ethnicity and intereye comparison, enabled the cross-comparison of all parameters and the
possibility discriminant between individuals based on their ocular biometrics in a healthy
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cohort. This data set provides an important reference database for further studies, both for
pathological investigation but also for estimating physiological variance, and enables accurate,
in-depth investigations of biometric and biomechanical data in epidemiological research.

Keywords: Ocular biometrics • Cornea • Sclera • Anterior chamber • Densitometry • Limbus
anatomy • Corneal thickness profile
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12.1 Introduction
Measures of human ocular biomechanics are known to be affected by a range of intersubject
and methodological factors (Elsheikh et al., 2013; Hon & Lam, 2013; Leung, Ye & Weinreb, 2013;
Mandalos et al., 2013; Ruisenor Vazquez et al., 2013). Specifically, these factors can be divided
into demographical (age, gender, race) and ocular characteristics (ocular biometry) (Hjortdal,
1996, Shin et al., 1997, Li et al., 2016a, Li et al., 2016b, Singh et al., 2017, Chang et al., 1974, Nguyen
et al., 2014).
The emphasis of this present Chapter was the detailed description of the ocular biometric and
demographic characteristics of the study population (Chapter VI section 13, page 314 et seq.).
Furthermore, the development of a novel methodology to allow the assessment of ocular
biometrics centrally, paracentrally and peripherally is discussed. The study aims to examine the
distribution of the ocular biometry and to identify distinct groups within the healthy eye
population. Also, the study will evaluate the validity and reliability of the methods used to assess
the ocular biometry.

12.2 Methods
One-hundred thirteen healthy subjects (226 eyes; 29% males and 71% females) aged
(24.5 ± 6.12) years (range 18.2 to 40.0 years) were assessed in this exploratory study (detailed
description of the study population: Chapter VI section 13, page 314 et seq.). Ocular biometrics
were assessed in a random order for both eyes; measurements included corneal topography,
densitometry, thickness, anterior chamber characteristics, scleral thickness, axial length and
refractive error. Repeatability and reproducibility were assessed for all devices and
methodology that have not been previously reported in the literature.
The following ocular biometrics were investigated (detailed description of the working
principles in the Appendix A-12, page A-12 et seq.):
×

Corneal topography was examined with a video topographer (Keratograph 5M, Oculus
Optikgeräte GmbH, Wetzlar, Germany)

×

Corneal densitometry, thickness and anterior chamber characteristics were investigated
using the Pentacam HD (Oculus Optikgeräte GmbH, Wetzlar, Germany)
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×

Scleral thickness was assessed with an anterior segment OCT (CASIA SS-1000 OCT)

×

Axial length was measured using the Lenstar LS900 (Haag-Streit AG, Koeniz, Switzerland)

×

Refractive error was evaluated using the OPD-Scan II (NIDEK Co., Ltd., Gamagori, Japan) or
the WAM-5500 (Shigiya Machinery Works Ltd., Fukuyama City, Japan)

×

Visual acuity was determined using Landolt’s ring polar chart, presented at nine directions

12.2.1

Corneal topography

Corneal topography was assessed using the Placido ring system of the K5M. The K5M
incorporates a high precision lens, located in the middle of a shield creating an image of these
rings on the cornea. A charge couple device camera behind the shield detects these images,
and subsequently, a compressed digital image is available for processing and analysis. The K5M
software compares the reflected image with a reference image and assesses both the
distortion and location of the rings. Calculations are conducted for approximately 22,000 points
of the corneal surface. The K5M has been shown to produce a good level of precision when
measuring the anterior corneal curvature, (Laursen et al., 2016).
The following corneal topography measurements were assessed:
×

Steepest corneal radius (rsteep)

×

Flattest corneal radius (rflat)

×

Eccentricity (ecc): inferior (I), nasal (N), superior (S), temporal (T) and total

×

White-to-white distance (cDia),

×

Corneal astigmatism (cAsti): magnitude and type

×

Sagittal radii (SR): I, N, S, T paracentrally and peripherally.

Corneal curvature was assessed at all locations where the NCT measurements were conducted
(Chapter III section 9, page 169 et seq.). To allow localised measurements, eccentricity was
measured at 20, 25 and 30° (a) distance from the corneal apex vertically and horizontally. Based
on the eccentricity and the central corneal curvatures, the respective corneal curvatures for
each distance could be determined using equations E 12-1 to E 12-3. To match the position of
the NCT measurement (central, paracentral, peripheral) the nearest approximate value
between a and the NCT measurement point - relative to the apex - was determined and the
respective a chosen to calculate the corneal curvatures. Thus, for the central NCT measurement
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position, the central radii were used, for the paracentral position the radii were determined
using either ecc(a=20°) or ecc(a=25°) and for peripheral points either ecc(a=25°) or e(a=30°)
were assessed.
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= Corneal eccentricity
= Distance from the apex (°)
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= Central radius (mm)
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= Sagittal radius at distance a (mm)
= Tangential radius at distance a (mm)

E 12-1

E 12-2
E 12-3

r§ (α) = r€ ± ∆rñ

Corneal astigmatism was calculated using E 12-4 and characterised into the subtypes rectus,
inversus and oblique astigmatism according to the respective axis of the steepest corneal
curvature, (Kim et al., 2004, Olsen, 1986).
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= Corneal astigmatism (D)
= Refractive index cornea = 1.370 to 1.378
= Refractive index air = 1.000
= Central radius of the flat meridian (m)
= Central radius of the steep meridian (m)

E 12-4

Corneal densitometry

The corneal microstructure is based on the components of the ECM, which is comprised mainly
of water, collagen and proteoglycan. The specific organisation of the ECM and the water
content provides the cornea with its transparent characteristics (Freegard, 1997, Knupp et al.,
2009). Pentacam HD introduced the facility to assess in vivo corneal transparency.
The corneal densitometry was assessed concentrically at four distances from the corneal apex
in two-millimetre ring segments. The first ring segment incorporated the apex (0 to 2mm
towards the periphery), the second between 2 to 6mm, the third between 6 to 10mm and the
last between 10 to 12mm or 10mm to the limbus if the corneal diameter was smaller than 12mm.
The ring segments were assessed across three different anterior-to-posterior sections:
anteriorly 0 to 120 µm, middle 120µm from the anterior surface of the epithelium to 60µm from
the posterior surface of the endothelium, and posteriorly, Figure 12-1. In addition, corneal
densitometry was evaluated across the total corneal thickness.
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Figure 12-1: Scheme of the areas where the densitometry was analysed: a) overview from the
front of the eyes depicting the range for the ring sections b) profile of the cornea with the five
different layers – from the left: epithelium, Bowman’s membrane, stroma, Descemet’s
membrane, endothelium. Using the Pentacam the anterior layer is defined as an area within a
thickness of 120µm, thus, containing epithelium, Bowman’s membrane and the anterior stroma,
the middle layer contains the central stroma, and the posterior layer (60µm) is built from the
posterior stroma, Descemet’s membrane and the endothelium. (© 2017 Oehring, D)

12.2.3

Corneal thickness

Corneal thickness (CT) is known to have a significant effect on measures of IOP and corneal
biomechanics (Terai et al., 2012a). The thickness varies across the cornea: the cornea is thinnest
centrally (at the apex) and thickens towards the periphery (Ambrosio et al., 2006, Edmund, 1987).

Figure 12-2: Schematic of the circular zones assessed by the
Pentacam HD for CT measurements; white rings depict the 0.4mm
diameter incremental steps, red rings showing 2.0, 4.0, 6.0 and
8.0mm distances from the apex. (© 2017 Oehring, D)

Since peripheral measures of corneal biomechanics were assessed in the present study, the
Pentacam HD was used to assess the thickness profile across the whole cornea. Thickness
measurements were captured using the Pentacam fine 100-picture scan, which captures 100
slides per eye and determines the thickness across the entire cornea in sequential ringsegments increasing in 0.4mm diameter steps with reference to the apex, Figure 12-2. The
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thickness for each ring-segment is provided automatically as the average thickness per
segment. The repeatability of the corneal thickness measurement with the Pentacam HD fine
scan has been found to be in the range of (3.15 ± 8.73)%, with a reproducibility of (4.36 ± 12.09)%
(McAlinden et al., 2011a).
12.2.3.1

Data processing

Figure 12-3: Graphical analysis of the procedure to derive the corneal thickness depending on the
position across the cornea for one example patient (ID001, OD): a) corneal thickness across the cornea,
from the apex (x=0) towards the periphery. The dots represent the measured CT values and the dotted
line the fitted second-order polynomial function (2.1×x2-0.04×x+573.6=CT; R2=1.000). b) The diagram shows
the differences between the measured and calculated CT across the cornea. The mean difference was
found to be (0.0 ± 0.7)µm in this example.

To assess CT and the change in thickness with increasing distance from the corneal apex, a
numerical approach was applied. A second-order polynomial function was fitted to the CT
measurements acquired of each eye, Figure 12-3. Thus, an equation as m1x2+m2x+b=y was
found, whereas x represents the position of the cornea and y the corneal thickness. The first
coefficient (m1 [µm/mm]) governs the degree of curvature of the thickness profile. A higher m1
represents a greater increase in peripheral thickness. The second coefficient (m2 [µm/mm])
represents the vertex. The third term provides the y-intercept and gives the calculated corneal
thickness at the apex. To control the quality of fitting, only polynomic functions with significant
coefficients (p<0.005) and R2 higher than 0.9 were accepted.
12.2.3.2

Novel corneal thickness parameters

Graphical validation of the measurement values revealed a consistent increase in thickness for
central areas of the cornea but a variable thickness change towards the periphery of the cornea,
Figure 12-4. In some eyes, the peripheral thickness change increased (Figure 12-4 red), and in
others, it remained stable (Figure 12-4 blue) or decreased (Figure 12-4 green). To define the
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boundary between the central zone (with consistent thickness change) and the peripheral zone
(with variable thickness change) two regression lines were fitted to the data, and the
intersections of the slopes defined the turning point (the boundary between central and
peripheral zones in reference to CT changes). The actual thickness change was calculated by
subtracting a given CT measurement from the subsequent CT measurement at each point
across the x-axis. To take the individual profile into account, a two-step regression method of
least squares was used.

Figure 12-4: Graphical analysis of the spatial distribution of CT change of three different
healthy human eyes. Both, subject 19 and 25 show an increase in CT towards the
periphery whereas in subject 98 the thickness almost plateaued in the periphery. In the
top right corner, two independent regression lines were fitted to each patient to simulate
the thickness change profile.

A stepwise linear regression was fitted across the x-axis, and the least squared residual were
calculated for each point. As a cut-off value, the SD range of the cumulative least squared
residuals between 0.0 and 1.0 was set. This range was based on the random spread of the
cumulative least squared residuals between 0 and 0.5mm across the x-axis. As soon as the
respective value of the least square was higher than this defined range, the turning point was
identified. The first linear regression function was fitted between 0.0mm (x1 Min) and the turning
point (x1 Max), the second between the turning point (x2 Min) and the end of analysed area (x2 Max;
to a maximum of 10mm). The maximal radius of 5mm was chosen due to artefactual errors (i.e.,
due to limbus and lashes) in wider ring segments.
To describe the CT profile across the cornea of the sample population the values m1, m2 and b
were used from the polynomial function, and the values for Slope1, Slope2 and turning point
from the two linear regression lines were used for further analysis. Furthermore, using this
approach for each NCT measurement point at the cornea the respective corneal thickness
could be calculated.
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12.2.4

Anterior chamber characteristics

The anterior chamber was assessed using the 25-picture scan mode offered by Pentacam HD.
The anterior chamber assessment included measurements of the anterior chamber depth
(ACD), anterior chamber angle (ACA) and anterior chamber volume (ACV), Figure 12-5. The ACA
was analysed in four meridians (S, I, N, T) and averaged.
The ACD was defined as the distance from the posterior vertex of the corneal endothelium to
the anterior surface of the crystalline lens along the optical axis. The ACA was defined as the
angle between the iris and posterior corneal surface with the intersection at the scleral spur,
Figure 12-5.

Figure 12-5: Schematic of the anterior eye with highlighted parameters: anterior chamber depth
(ACD) was defined as the distance from the posterior surface of the cornea to the central plane
of the iris, the angle spanned between the iris and the posterior corneal surface with the
intercept at the scleral spur. The blue highlighted area is defined as the anterior chamber volume
(ACV) across the whole eye (360°). (© 2017 Oehring, D)

12.2.5

Anterior scleral profile

The anterior segment optical coherence tomographer (AS-OCT) CASIA SS-1000 OCT was used
to provide high-resolution cross-sectional images of the cornea and sclera. 3D anterior
segment and corneal map measurements were conducted in eight different meridians:
temporal (T), nasal (N), superior (S), inferior (I), superior nasal (SN), superior temporal (ST),
inferior nasal (IN) and inferior temporal (IT) as well as central (C). Off-axis images of the sclera
were acquired by manipulating the subject’s fixation point. The horizontal and vertical images
were acquired using the internal fixation targets while the images in the oblique meridians were
acquired by directing the subject’s fixation on to external targets on the device.
When imageing off-axis meridians, the lids were retracted by the examiner to image the scleral
tissue. To ensure that the examiner was able to manipulate the lids with minimal application of
pressure to the globe, training was conducted prior to data collection. The training included
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retracting the patient's eyelid while monitoring the IOP with a conventional NCT in at least ten
volunteers. Manual analysis of the images allowed measures of scleral thickness up to 7mm
distance from the scleral spur to be assessed.
The geometrical lengths were determined by scaling the measured optical length from the OCT
images. Since the speed of light in a medium is inversely proportion to the refractive index, the
measured geometrical lengths must be corrected by the refractive index of the sclera
(Westphal et al., 2002). During image acquisition with the AS-OCT, the images are automatically
corrected by the inbuilt software using an average refractive index of 1.389 for the cornea and
1.343 for the vitreous as well as 1.421 for the crystalline lens (user manual of CASIA SS-1000 OCT).
Since the absolute refractive index of the sclera is still unknown and varies with the ratio of ECM
content, an overall refractive index of 1.388 for the scleral measurements was used in the
present study (Bashkatov et al., 2009).
12.2.5.1

Assessment of AS-OCT distortion using a model eye

The present study also sought to investigate the magnitude of geometric distortion that is likely
to occur during AS-OCT imaging, Figure 12-6.

Figure 12-6: AS-OCT images of a model eye (n=1.533, r=8.000mm): a) OCT image of the surface of the sphere
(white). b) Comparison between OCT image (white) and actual curvature of the model eye (red).

To investigate this distortion a custom-designed glass model eye (n=1.533, r=8.000mm) was
imaged on the AS-OCT. The eye was housed in a custom-designed holder and manually moved
along the horizontal and vertical meridians during a fixed positioning of the OCT head. In both,
meridians the model eye was measured in ten different positions, in 0.5mm incremental steps.
To analyse the change in shape, the arc length of the model eye measured in the respective
quadrant, as well as the radii of the imaged glass sphere, were used. Using these parameters
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an equation was devolved to estimate the distortion ratio using the AS-OCT and as appropriate
to correct the determined geometrical thickness and length values.
12.2.5.2

Image processing

For the analysis of the anterior scleral profile, the scleral spur was used as the reference
landmark. The scleral spur represents the point of attachment of the sclera to the ciliary body
and is visible as the inward projection from the inner scleral surface. There are different
methods available to identify the scleral spur in AS-OCT images (Seager et al., 2014). In the
present study, the scleral spur was defined as the intersect between a projected line along the
inner cornea and the interface between the sclera and the ciliary muscle, Figure 12-7a. This
method has been found to show a high level of reliability with intraobserver and interobserver
repeatability in the order of 0.03mm, and 0.08mm, respectively (Seager et al., 2014).

Figure 12-7: AS-OCT image is displaying the scleral thickness (ST) measurement procedure. a). Visible
structures are highlighted: corneal (aquamarine), ciliary muscle (green), sclera (yellow) and the exterior outer
surface built from the conjunctiva, episclera and Tenon’s capsule (above the anterior scleral surface). The
intersection between the projected line along the inner cornea and the interface between the sclera and the
ciliary muscle was defined as a scleral spur (SP, red). b) The SP was used as a reference landmark to measure
the anterior ST. The first measurement was conducted at the SP. Each subsequent measure of ST was 1mm
away from the previous measurement, up to a maximum distance of 7mm from the SP. Following placement of
the first calliper, a second calliper (pink), half the length of the first, was overlaid and aligned with the top of the
first calliper. The bottom end of the second calliper represents the midpoint of the scleral tissue. A third 1mm
calliper (orange) was aligned with the midpoint of the scleral tissue and placed perpendicular to the first calliper
line. The end of the third calliper represented the position of the next subsequent measurement. (© 2017
Oehring, D)

Subsequent to the identification of the scleral spur, the calliper was placed at the scleral spur
and extended until it spanned across the outermost and innermost surfaces of the sclera
section. The outermost surface of the sclera was defined as the interface between the highly
reflective sclera and the less reflective superficial outer surface, featuring the conjunctiva,
episclera and Tenon’s capsule, Figure 12-7a. The innermost surface was defined as the
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boundary with the ciliary muscle; which appears as a less reflective area in comparison to the
sclera. The first measurement was conducted at the scleral spur. Each subsequent measure of
scleral thickness was conducted 1mm away from the previous measurement up to a maximum
distance of 7mm from the scleral spur. To ensure a regular distribution of measurements the
following procedure was followed using the proprietary Tomey software. Following placement
of the first calliper, between the innermost and outermost sclera, a second calliper, half the
length of the first, was overlaid and aligned with the top of the first calliper. The bottom end of
the second calliper represents the midpoint of the scleral tissue. A third 1mm calliper was
aligned with the midpoint of the scleral tissue and placed perpendicular to the first calliper line.
The end of the third calliper represented the position of the next subsequent measurement,
Figure 12-7b.

Figure 12-8: AS-OCT image is displaying the limbal area (red area).
Corneal-limbus (aquamarine) and scleral-limbus thickness (yellow), as
well as the limbal length (rose), are highlighted. For a detailed description
see text. (© 2017 Oehring, D)

In addition to the scleral morphology, the geometry of the limbus was also assessed. The limbus
was defined as the interface between the hypo-reflective cornea and the hyper reflective sclera
where both structures were visible coincidently. As such the corneal limbus boundary was
defined as the area when a hyper reflective structure was identifiable, and the scleral-limbus
boundary was defined as the point at which the hypo-reflective structure was just present,
Figure 12-8.
The thickness of the limbal boundaries (corneal-limbus, scleral limbus) was measured using the
Tomey software callipers. The callipers were extended from the lower edge to the upper edge
of the boundary. The lower end was defined as the interface between the non-reflective anterior
chamber and the reflective structure of the cornea or sclera. The upper end was defined as the
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interface between the interface tear-film cornea or sclera, and the non-reflective anterior
chamber, Figure 12-8. The limbal length was measured by connecting the centre of each limbal
side.
12.2.5.3

Reliability study

Reproducibility and repeatability were assessed using the OCT measurements of the 113
patients described above. The pictures of one eye of randomly chosen 35 patients were
analysed from two different observers three times (12 males and 23 females; aged (24.1 ± 8.3)
years, 17 OD and 18 OS). Randomisation was conducted in Excel 2011 for Mac.

12.2.6

Axial distances

Figure 12-9: Overview of optical distances measured by the Lenstar 900. The diagram shows the intensity of the
signal over geometrical distance. a) Each major peak corresponds to an optical interface in the eye. b) The
distance between the interfaces represents the thickness of the respective tissues.
(© 2017 Oehring, D)

The Lenstar LS-900 was used to measure the axial length and lens thickness, Figure 12-9. The
device defines axial length as the geometrical distance between the tear film (first peak) and
the RPE (last peak). In comparison, the lens thickness is defined as the geometrical distance
between the anterior (third peak) and the posterior surface of the lens (seventh peak).
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12.2.7
12.2.7.1

Refractive error and visual acuity
Refractive error assessment

The refractive status of the eye has been considered to affect ocular biomechanics (Chang et
al., 2001, Shen et al., 2008a, Chang et al., 2010, Xu et al., 2010, Jiang et al., 2011, Plakitsi et al., 2011,
Bueno-Gimeno et al., 2014, Roberts et al., 2014) and was thus assessed in the present study.
To compare the visual abilities and the type of ametropia with the biomechanical properties of
the eye, the cycloplegic refractive error was assessed with an auto refractor (ID1 to ID23 using
the WAM-5500, ID24 to ID113 using the OPD-Scan II). Cycloplegia was induced following
administration of one drop of Tropicamide HCI 1% (Minims®, Bausch & Lomb, Kingston-UponThames, UK) in both eyes. The depth of cycloplegia was sufficient for examination once the
amplitude of accommodation was lower than 1D.
To check the paralysis of the accommodation system an objective or subjective measurement
was required (Ihekaire, 2012). For the objective measurement, the WAM-5500 was used. At first,
the subject fixated a target at a far distance (infinity) and afterwards fixated a target at near
distance (40cm). The change in refractive error was recorded. With subjects ID24 to ID113 the
ramp accommodation score was used using the RAF rule (Abraham et al., 2005, Atchison et al.,
1994) The attendee had to look at a target at 50cm distance at the RAF rule and decrease the
distance between eye and target, till the target got blurred. The distance between eye and
target was recorded in dioptres. After cycloplegia had been considered as sufficient, the
refractive error measurements were conducted.
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Auto-refraction assesses the refractive error as a combination between sphere, cylinder and
the associated axis. For analysis, the subject's refractive error was assessed as vector
components, E 12-5. After analysing the data, the results were presented as a sphero-cylindrical
combination, E 12-6 to E 12-8.
12.2.7.2

Reliability study

The WAM-5500 was validated by Sheppard & Davies (2010) by measuring the refractive error of
150 eyes (n=75). The difference between the subjective and the objective refraction was found
by MSE (-0.01 ± 0.38)D. Approximately 61% of the spherical components were within a range
of ±0.25D in comparison to the subjective refraction and 74% within ±0.50D. An even higher
validity exists in the cylindrical component, 74% were within ±0.25D and 93% within ±0.50D. The
SD of five consecutive measurements was used to determine the repeatability of the WAM5500. The intertest and the intratest variability show high repeatability (Sheppard and Davies,
2010). McGinnigle et al. (2014) analysed the OPD-Scan III intertest repeatability in 28 nonpresbyopic eyes (McGinnigle et al., 2014). They found a variety of three consecutive
measurements within the range of ±0.25D in 90% of the readings.

Within the present study, investigation of the agreement between refractive error
measurements using the WAM-5500 and the OPD-Scan III was conducted in 10 healthy
volunteers (20 eyes; 10 males and 10 females; aged (29.2 ± 4.8) years). Both eyes were measured
with each device one time at one visit. The order of presentation of each device was random:
Randomization was conducted using Excel 2016 Mac.
12.2.7.3

Visual acuity testing

For testing the visual acuity (VA), the version of the international standards DIN EN ISO 8596 and
8597 applied. Visual acuity measurements were conducted using the POLA Vista Vision (DMD
Med Tech) at six metres distance. The opening of the Landolt’s ring was presented by 100%
contrast and at eight different directions. The investigator started monocular with the eye with
expected worse VA, followed by the better eye and finally binocular, firstly without correction
and subsequently with habitual correction. Per line of a visual acuity level, five Landolt’s rings
were presented. The termination criterion was defined at 60%. Therefore, two incorrect
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readings were acceptable to pass the certain threshold. The number of incorrect readings in a
passed line was recorded. For analysis of the data all VA measurements were expressed in
LogMAR (Carkeet, 2015, McAlinden et al., 2011b).
12.2.8

Normative data for ocular biometry

Normative data for corneal biometry was discussed in Chapter I section 1.3 (page 8 et seq.)
including corneal topography and thickness.
12.2.8.1

Corneal densitometry

Using the Pentacam module Densitometry, the density of the corneal transparency was
quantified with a value between 0 (total transmissibility) and 100 (total opacification). Ni
Dhubhghaill et al. (2014) proposed normative values of (19.74 ± 3.89)GSU across a 12mm corneal
diameter in healthy eyes (Ni Dhubhghaill et al., 2014). In general, the less transparent the cornea,
the higher the densitometric values, e.g. in subjects with bacterial keratitis the corneal
densitometry rises to (47.6 ± 12)GSU during acute infection (Otri et al., 2012).
Early studies on these measures of corneal densitometry demonstrate excellent repeatability
and reproducibility with between subject and between examiner repeatability and
reproducibility in the order of (3.3 ± 1.8)% and (1.3 ± 0.8)%, respectively (Ni Dhubhghaill et al.,
2014).
12.2.8.2

Anterior chamber characteristics

In healthy eyes, the mean ACD was found to be (2.93 ± 0.36)mm, ACA (34.81 ± 5.05)° and ACV
(160.3 ± 36.81)mm3 (Rabsilber et al., 2006).
The Pentacam has previously shown a good level of reliability for assessment of anterior
chamber characteristics. When assessing the intrasession repeatability of ACD and ACA,
Rabsilber et al. (2006) reported variations in the order of (0.02 ± 0.02)mm and (1.12 ± 0.94)°,
respectively (Rabsilber et al., 2006). Intra- and interobserver variability for ACD measurements
have been found to be in the region of (0.005 ± 0.039)mm and (0.002 ± 0.037)mm, respectively
(Lackner et al., 2005b).
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12.2.8.3

Anterior scleral profile

Scleral thickness values reported in the literature show significant variation with
methodological differences, Table 12-1 (Read et al., 2016a, Shen et al., 2015, Buckhurst et al.,
2015, Vurgese et al., 2012). According to Buckhurst et al. the mean scleral thickness was found
to be (725 ± 46)µm over a distance of 6mm from the scleral spur (Buckhurst et al., 2015), at the
scleral spur the scleral thickness was (741 ± 47)µm, in 1mm distance from the scleral spur
(682 ± 48)µm, in 2mm (674 ± 48)µm, in 3mm (685 ± 51)µm, in 4mm (716 ± 52)µm, in 5mm
(762 ± 50)µm and in 6mm (818 ± 49)µm. Thus, they found that the change in scleral thickness
increases by approximately 16µm per 1mm distance from the scleral spur. Additionally, they
could not find any significant influence of the refractive error, axial lengths, gender and ethnicity
on anterior scleral thickness.
Table 12-1: Scleral thickness in healthy human eyes in different meridians measured
using AS-OCT imaging. Values are given as mean (SD).
Distance from
scleral spur

Meridians
S

SN

N

IN

I

IT

T

ST

1 to 6mm

695
(71)

662
(57)

736
(61)

762
(40)

806
(60)

746
(42)

709
(47)

687
(52)

2mm

634
(49)

608
(48)

690
(62)

716
(58)

751
(59)

696
(56)

659
(61)

639
(65)

(Ebneter et al., 2015)

2mm

-

463
(64)

-

571
(84)

-

511
(80)

-

475
(81)

(Schlatter et al.,
2015)

2mm

675.1
(45.4)

438.5
(46.0)

646.7
(45.0)

537.2
(51.9)

627.4
(39.2)

482.7
(49.3)

619.0
(41.1)

435.4
(43.3)

(Buckhurst et al.,
2015)

12.2.8.4

Axial distances

The Lenstar LS-900 shows excellent intraobserver reliability; (Cruysberg et al., 2010, Shammas
and Hoffer, 2012). The reproducibility of the Lenstar has found to be in the region of 0.9% for
CCT, ACD, lens thickness, corneal curvature and axial length measurements (Cruysberg et al.,
2010).
In healthy eyes, the axial length was found to be (23.92 ± 1.23)mm and lens thickness
(3.69 ± 0.29)mm (Cruysberg et al., 2010). Both are varying significantly between age and
refractive error (Grosvenor and Scott, 1994, Leighton and Tomlinson, 1972).
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12.2.9

Regional variation in ocular biometry across different corneal zones

The study assessed regional variation in corneal biomechanics and estimating the effect of the
corresponding ocular biometry. As such the position of each peripheral and paracentral
biometry measurement corresponded with the site of the off-axis biomechanical
measurements (Chapter V section 11, page 229 et seq.).
The corneal radial position of the central area was determined by subtracting the position of
the Cardinal apex from the total corneal diameter. To assess the distribution of ocular
biometrical characteristics in the corneal zones, two possible approaches were used. To
estimate the ACV centrally (C), paracentrally (PC) and peripherally (P), the positions of the ACV
measurement and the positions of the NCT measurement were compared. The value of the
nearest approximate of ACV position was chosen for each case individually. In corneal
thickness, the developed procedure for modelling corneal thickness profiles was used to
calculate the respective CT value for the different positions.

12.3 Results
The following analysis includes descriptive statistics of the ocular biometry. Descriptive
statistics were conducted analysing the entire sample and subgroups such as age groups,
gender and ethnicity. A detailed description of the sample can be found in Chapter VI section 13
(page 314 et seq.). The detailed statistical analysis which is not displayed in the following
Chapter can be found in the Appendix A-12 (page A-17 et seq.).

12.3.1

Corneal topography

The majority of subjects were found to have astigmatism rectus (63%), followed by oblique
(33%) and then astigmatism inversus (4%). Differences between the ipsilateral and contralateral
type of corneal astigmatism were found in 34.1% of the cases (in 84% of the cases one cornea
had a rectus astigmatism and the other cornea an oblique astigmatism, 13% inversus/oblique,
3% rectus/inversus). No statistically significant different proportion of astigmatism types were
found when grouped according to intereye comparison, gender or ethnicity (intereye
comparison: c2(1)=0.500 p=0.779, gender: c2(1)=1.257 p=0.534, ethnicities: c2(3)=12.970 p=0.113).
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No significant differences in topographic characteristics for intereye comparisons nor gender
and ethnicities except for corneal diameter: The left cornea was significantly larger than the
right cornea, Table 12-2.
Both flat and steep radii did not correlate with age (rsteep r=0.007 p=0.927, rflat r=0.088 p=0.254).
Whereas, cAsti (r=-0.154 p=0.046) and ecc (30°) (r=-0.256 p=0.007) demonstrated negative
moderate correlation with age.
Table 12-2: Descriptive analysis of corneal topographic parameters in total, for intereye comparison and
within the subgroups gender and ethnicity. Values displayed as mean ± SD. (BSA = British South Asian)
n

rsteep (mm)

rflat (mm)

cAsti (D)

cDia (mm)

Total

113

7.81 ± 0.285

7.99 ± 0.274

-0.8 ± 1.02

11.88 ± 0.413

OD

a

113

7.81 ± 0.279

7.98 ± 0.271

-0.7 ± 0.89

11.85 ± 0.390

OS

a

113

7.80 ± 0.292

7.99 ± 0.279

-0.9 ± 1.12

11.91 ± 0.435

80

7.77 ± 0.289

7.95 ± 0.284

-0.8 ± 0.92

11.84 ± 0.427

Female b
Male

b

African c
Chinese
Asian c
Caucasian c

33

7.88 ± 0.273

8.07 ± 0.237

-0.8 ± 0.97

11.97 ± 0.336

3

7.86 ± 0.269

7.95 ± 0.276

-0.5 ± 0.00

11.59 ± 0.297

4

7.85 ± 0.122

8.01 ± 0.100

-0.9 ± 0.57

11.84 ± 0.406

72

7.85 ± 0.289

8.02 ± 0.273

-0.7 ± 0.99

11.92 ± 0.427

35

7.70 ± 0.281

7.91 ± 0.287

-1.1 ± 0.80

11.83 ± 0.358

BSA

c

a)
b)
c)

rsteep t(112)=1.460 p=0.147, rflat t(112)=0.924 p=0.358, cAsti t(112)=1.800 p=0.076; cDia t(112)=3.060 p=0.003
rsteep t(31.77)=1.700 p=0.096, rflat t(30.54)=2.005 p=0.051, cAsti t(111)=0.216 p=0.830, cDia t(27.6)=1.550 p=0.127;
one-way ANOVA: rsteep F(3)=0.839 p=0.149, rflat F(3)=1.410 p=0.364, cAsti F(3)=0.700 p=0.250, cDia F(3)=0.681 p=0.566)

The peripheral corneal curvature varied significantly across the different meridians. Across PC
and P, the horizontal meridians (N, T) were significantly flatter than the vertical meridians (S, I).
Table 12-3. There was a significant three-way interaction between meridians, zones and intereye
comparison for the sagittal corneal radii (F(2.671, 384.639)=48.729 p=0.000 f=0.262). Further
analysis showed a significant simple two-way interaction between zones and meridians for both
OD and OS (OD: F(2.349, 155.035)=52.654 p=0.000 f=0.496, OS: F(2.733, 213.154)=50.614 p=0.000
f=0.429). In both eyes, the peripheral sagittal radii were significantly larger than the paracentral:
×

Superior: F(1, 226)=55.222 p=0.000 f=0.535

×

Inferior:

F(1, 200)=5.222 p=0.024 f=0.030

×

Nasal:

F(1, 180)=47.766 p=0.000 f=0.249

×

Temporal: F(1, 164)=49.523 p=0.000 f=0.239.
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Table 12-3: Descriptive analysis of sagittal radii in total, for intereye comparison and within the subgroups
gender and ethnicity. Values displayed as mean (SD); in the different meridians, the radii are provided for the
paracentral (PC) and peripheral (P) cornea. (BSA= British South Asian)
n

S

I

N

T

PC

P

PC

P

PC

P

PC

P

Totalab

113

7.85
(0.303)

8.47
(0.398)

7.86
(0.287)

8.25
(0.319)

8.00
(0.270)

8.54
(0.380)

8.01
(0.304)

8.5
(0.377)

OD

113

7.86
(0.300)

8.44
(0.374)

7.86
(0.288)

8.23
(0.324)

8.01
(0.310)

8.69
(0.428)

7.98
(0.275)

8.35
(0.283)

OS

113

7.85
(0.308)

8.50
(0.430)

7.86
(0.287)

8.21
(0.311)

7.99
(0.285)

8.42
(0.284)

8.04
(0.328)

8.65
(0.405)

Female

80

7.82
(0.314)

8.13
(0.386)

7.84
(0.286)

8.24
(0.331)

7.97
(0.314)

8.47
(0.356)

7.98
(0.321)

8.45
(0.382)

Male

33

7.93
(0.262)

8.19
(0.303)

7.91
(0.286)

8.29
(0.291)

8.09
(0.239)

8.67
(0.393)

8.08
(0.249)

8.59
(0.35)

African

3

7.92
(0.226)

8.23
(0.162)

7.87
(0.16)

8.32
(0.1)

7.98
(0.208)

8.55
(0.257)

7.98
(0.179)

8.67
(0.324)

Chinese
Asian

4

7.88
(0.208)

8.23
(0.2)

7.8
(0.12)

8.14
(0.178)

8.03
(0.152)

8.46
(0.283)

8.03
(0.119)

8.42
(0.286)

Caucasian

72

7.9
(0.296)

8.16
(0.377)

7.92
(0.282)

8.29
(0.332)

8.03
(0.308)

8.54
(0.382)

8.05
(0.318)

8.51
(0.394)

BSA

35

7.75
(0.316)

8.12
(0.367)

7.75
(0.291)

8.19
(0.313)

7.95
(0.297)

8.56
(0.402)

7.95
(0.292)

8.46
(0.359)

a) one-way ANOVA (meridional) PC: p=0.000, F(3 113)=69.610; S-I p=0.659, S-N p=0.000, S-T p=0.000, I-N p=0.000, I-T p=0.000,
N-T p=0.307; P: p=0.000, F(3 113)=48.93; S-I p=0.060, S-N p=0.000, S-T p=0.000, I-N p=0.000, I-T p=0.000, N-T p=0.101 b) (zones)
two-tailed paired t-test (PC vs. P): in all meridians p=0.000

Figure 12-10: Graphical analysis of the sagittal radii distribution (mean values connected with a
dotted line, 95%CI error bands) for paracentral (red) and peripheral (blue) zones.

Within the different zones the interaction between meridians and the intereye comparison was
found to be significant (PC: F(2.506, 426.056)=3.655 p=0.018 f=0.021; P: F(2.789, 401.595)=51.678
p=0.000 f=0.274). Paracentrally this interaction was weak, and moderate in the peripheral zone.
For both eyes the steepest meridian within the paracentral zone was superiorly, whereas
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peripheral inferior was found to be steepest in both eyes (from steepest to flattest:
paracentrally OD: S I T N, OS: S I N T; peripherally OD: I T S N, OS: I N S T), Figure 12-10.
There was no significant interaction between zones, meridians with both gender (F(2.572,
370.383)=1.761 p=0.162) and ethnicity (F(7.822, 370.257)=0.815 p=0.587). No significant correlations
were observed between sagittal radii and age (p>0.050). The three-way interaction between
zones, meridians and age (F(2.577, 358.159)=2.629 p=0.059) were found to be not significant. Also,
neither two-way interaction nor simple effects between zones, meridian and age were
significant (p>0.050).

Figure 12-11: Pearson correlation matrix for the hierarchically clustered comparison between
topographic parameters using correlation ellipses. Non-significant comparisons are marked by
a cross. Pearson correlation can vary between -1 (red) and 1 (green). The smaller the ellipse, the
higher the correlation between the parameters.

Strong positive correlations were found between all the topographic characteristics except for
the peripheral sagittal radius in temporal position and corneal volume, Figure 12-11.

12.3.2

Corneal densitometry

Mean corneal density was found to be (17.1 ± 5.86)GSU, Table 12-4 and Figure 12-12a. The
posterior layer of the cornea was found to show lower levels of density (r=-0.791 p=0.000),
Figure 12-12b. Towards the periphery, the corneal density decreased to the 6-10mm ring
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segment (r=-0.227 p=0.000) from where it increased; highest level of density were observed for
the most peripheral ring segment by (5.2 ± 1.22)%, Figure 12-12c.
Table 12-4: Descriptive analysis of corneal density (GSU) in different corneal zones and depths. Values
displayed as mean ± SD (n=113, 226 eyes)
Anterior
Middle

c

c

0-2mm b

2-6mm b

6-10mm b

10-12mm b

Mean a

27.0 ± 4.18

24.4 ± 4.25

21.7 ± 4.65

26.8 ± 5.24

24.5 ± 4.00

15.6 ± 1.76

13.8 ± 1.67

13.1 ± 2.38

18.7 ± 4.35

14.6 ± 1.69

Posterior c

12.5 ± 1.29

11.3 ± 1.13

11.4 ± 1.95

15.2 ± 3.63

12.4 ± 1.37

Total

18.2 ± 6.71

16.3 ± 6.22

15.3 ± 5.49

20.1 ± 6.54

17.1 ± 5.86

a) two-way ANOVA: F(1.525, 179.990)=59.677, p=0.000, f=0.357
b) 0-2mm F(1.071, 132.811)=1162.125 p=0.000 f=2.114; 2-6mm F(1.068, 135.642)=916.970 p=0.000 f=1.834;
6-10mm F(1.077, 142.112)=629.911 p=0.000 f=1.471; 10-12mm F(1.227, 154.618)=536.263 p=0.000 f=1.381
c) anterior F(1.408, 166.147)=102.122 p=0.000 f=0.524; middle F(1.442, 193.237)=140.751 p=0.000 f=0.596; posterior F(1.303,
174.650)=111.376 p=0.000 f=0.510

Figure 12-12: Graphical analysis of the corneal density represented by the average and SD. p-values
were calculated by means of RM one-way ANOVA, Post hoc two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli. a) Graphical analysis (Tukey box plots) of the distribution of the total
corneal density. b) Corneal density for different depth layers from anterior to posterior. All layers
were significantly different. c) Corneal density was statistically different between each ring segment,
besides the annulus from 2-6mm and 10-12mm. c) Corneal density across the cornea for each ring
segment and layer separately (grey: anterior layer, blue: central, red: posterior).

The anterior layer was significantly opaquer relative to the middle and the posterior layer. The
posterior layer showed the lowest level of density at all distances across the cornea, Table 124 and Figure 12-12d. Post-Hoc analyses revealed, that within the anterior layer the 6-10mm ring
segment showed the lowest density (p=0.000). Centrally and posteriorly the most peripheral
ring segment 10-12mm was the opaquest, followed by the central segment (0-2mm) (p=0.000).
The paracentral and mid-peripheral segment showed no significant differences (middle
p=0.280, posterior p=0.998), but statistically significant to the central and most peripheral
segment (p<0.050), Table 12-4 and Figure 12-12d.
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Strong to moderate positive correlations were observed between layers:
×

anterior vs. middle:

r=0.567 p=0.000,

×

anterior vs. posterior:

r=0.331 p=0.051,

×

posterior vs. middle:

r=0.722 p=0.000, Figure 12-13.

The corneal density within the ring-segments demonstrated a positive correlation between
segments (0-2mm vs. 2-6mm: r=0.969 p=0.000; 0-2mm vs. 6-10mm: r=0.479 p=0.001; 2-6mm vs. 610mm: r=0.575 p=0.000; 6-10mm vs. 10-12mm: r=0.359 p=0.002) with the exception of the most
outer and inner ring segments (0-2mm vs. 10-12mm: r=0.071 p=0.434; 2-6mm vs. 10-12mm: r=0.055
p=0.541), Figure 12-13. The closer ring segments showed highest levels of correlation,
Figure 12-12 and Figure 12-13.

Figure 12-13: Pearson correlation matrix for the hierarchically clustered
comparison between densitometry parameters using correlation ellipses.
Non-significant comparisons are marked by a cross. Pearson correlation
can vary between -1 (red) and 1 (green). The elliptic the shape, the higher
the correlation between the parameters.

There was no statistically significant interaction between ring segment, layer for intereye
comparison (F(1.641, 93.539)=0.673 p=0.485), gender (F(1.659, 92.901)=0.236 p=0.748) or ethnicity
(F(3.407, 93.694)=0.888 p=0.461). Total corneal density showed no significant effect for intereye
comparisons, gender and ethnicity, Table 12-5.
A significant low correlation between average corneal density and age was found (r=0.234
p=0.008). The three-way interaction between ring segment, layer and age showed no significant
effect (F(1.545, 171.482)=1.679 p=0.195), also, neither two-way interaction nor simple effects
between ring segment, layer and age were statistically significant (p>0.050).
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Table 12-5: Descriptive analysis of total corneal density (GSU) for intereye comparisons
and between gender and ethnicity. Values displayed as mean ± SD. (BSA= British South
Asian)
n

Mean

OD

113

17.3 ± 1.87

OS

113

17.6 ± 1.87

Female

80

17.6 ± 2.55

Male

33

17.6 ± 1.71

African
Chinese
Asian
Caucasian

3

16.2 ± 1.20

4

16.8 ± 0.61

72

18.1 ± 2.05

BSA

35

16.8 ± 2.65

a) two-tailed t-test for paired samples
c) one-way ANOVA

12.3.3
12.3.3.1

Difference

p

0.3 ± 2.52

0.379a

0.0 ± 0.36

0.976b

0.5 ± 1.12

0.110c

b) two-tailed for unpaired t-test with Welch’s correction

Corneal thickness
Data processing

The first step of the procedure was to fit a second order polynomial function to model corneal
thickness for each measurement (ordinate: position at the cornea, abscise: corneal thickness),
Table 12-6 and Figure 12-14a.
Mean difference between measured and calculated CT values across the entire measurement
area was (0.1 ± 2.2)µm. Minimal and maximal differences between measured and calculated
thickness were -3.8µm and 3.5µm, respectively, Figure 12-14b.
The coefficient of determination (R2) ranged between 0.981 and 1.000; average R2 was
0.998 ± 0.0020, Figure 12-14c. Thus, a mean discrepancy of 0.2% was observed between the
measured and calculated thickness profile. Majority of coefficients of determination were
higher than 0.999 (53%), 37% between 0.998 and 0.999, 7% between 0.996 and 0.998 and the
remaining 3% between 0.981 and 0.996.
Table 12-6: Descriptive analysis of modelling characteristics for a second order polynomial function for
corneal thickness depending on corneal position. Values displayed as mean ± SD (n=113, 226 eyes).

m1 (µm/mm2)

Mean

95%CI (Mean)

Min

Max

CoV

3.1 ± 0.63

3.0 to 3.2

0.4

4.7

20.4%

Normally
distributed
0.000

m2 (µm/mm)

-3.9 ± 4.19

-4.5 to -3.3

-10.7

15.3

106.9%

0.000

b (µm)

556.3 ± 41.6

550.1 to 562.5

453.5

671.2

7.5%

0.576

R2

0.998 ± 0.002

0.998 to 0.999

0.981

1.000

0.2%

< 0.001
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Figure 12-14: Graphical analysis modelling process for corneal thickness across the cornea (n=113, 226 eyes).
a) Distribution of the measured (blue) and calculated (red) corneal thickness. Displayed are the respective
average value and coloured 95%CI error bands. b) Distribution of the difference between measured and
calculated thicknesses at each position (respective average with coloured 95%CI error band). c) Graphical
analysis (Tukey box plots) of the distribution of the coefficient of determination for fitted second order
polynomial functions, cross displays the sample mean.

To evaluate the CT change, a two-step regression method of least squares was used, Table 127 and Figure 12-15a to c. The mean absolute difference between the actual and fitted profile was
(0.8 ± 0.25)µm across the entire area analysed (not normally distributed p=0.003), Figure 12-15a.
Largest differences were found in the most peripheral ring-segment at 10.0mm by 1.3µm and
smallest centrally by 0.6µm.
Table 12-7: Descriptive analysis of modelling characteristics for thickness change depending on corneal
position. Values displayed as mean ± SD (n=113, 226 eyes).
Mean

95%CI (Mean)

Min

Max

CoV

Normally
distributed

Turning point (mm)

7.6 ± 1.002

7.4 to 7.7

3.6

9.6

13.2%

0.001

Slope1 (µm/mm)

2.1 ± 0.311

2.1 to 2.2

0.6

3.0

14.8%

0.000

Slope2 (µm/mm)

2.8 ± 2.036

2.5 to 3.2

-6.5

6.9

71.7%

0.000

R2

0.981 ± 0.0155

0.980 to 0.984

0.811

0.997

1.6%

0.001

The slopes of the first and second regression line differ significantly with a mean difference of
(0.74 ± 2.070)µm/mm (t(225)=4.753 p=0.000), Figure 12-15b. Slope1 and Slope2 did not correlate
(r=-0.033 p=0.668). The cut-off value to define the turning point was 0.87µm, which was derived
from the standard deviation of the least squares by fitting a linear regression line to the actual
thickness change values between the x-range {0.00; 1.00}. The turning point obtained varied
between 3.6 and 9.6mm, with an average and median value of (7.6 ± 1.00)mm and 7.0mm,
respectively Figure 12-15a and c.
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Figure 12-15: Graphical analysis of the two-step regression method of the least squares to model the corneal
thickness change across the cornea (226 eyes): a) comparison between actual (red) and modelled (blue)
thickness change profile with 95%CI (mean) error bands (coloured areas). The dots represent each mean at the
respective corneal position. Distribution of b) the slopes and coefficient of determination and c) the turning
point (Tukey box plots) for the entire sample, crosses display the respective sample mean.

12.3.3.2

Distribution of corneal thickness characteristics within the sample population's
subgroups

The amplitudes of the distribution curves for R2 were between 0.990 and 1.000 (95%CI). The
results for CCT, m1, m2, b and R2 were not significantly different for intereye comparison nor
between gender and ethnicity, Table 12-8. No correlation between age and CCT, R2 and b (CCT
r=0.043 p=0.579, R2 r=0.115 p=0.136 and b r=0.021 p=0.786) were found. Age correlated with m1 (r=0.313 p=0.001) and m2 (r=0.230 p=0.003).
Table 12-8: Descriptive analysis of corneal topographic parameters for intereye comparisons and within
the subgroups gender and ethnicity. Values displayed as mean ± SD. (BSA= British South Asian)
n

CCT (µm)

m1 (µm/mm2)

m2 (µm/mm)

b (µm)

R2

OD a

113

553 ± 41.8

3.1 ± 0.59

-4.0 ± 3.89

557.3 ± 40.41

0.998 ± (2.226 × 10-3)

OS

113

551 ± 44.3

3.1 ± 0.68

-3.9 ± 4.49

555.2 ± 43.07

0.998 ± (1.837 × 10-3)

Female b

80

553 ± 41.7

3.2 ± 0.67

-4.2 ± 4.18

556.5 ± 40.40

0.998 ± (1.962 × 10-3)

Male

33

553 ± 44.0

3.0 ± 0.48

-3.4 ± 3.46

556.6 ± 42.90

0.998 ± (1.936 × 10-3)

African c
Chinese
Asian
Caucasian

3

537 ± 7.1

3.5 ± 0.44

-5.6 ± 3.12

541.3 ± 11.07

0.998 ± (1.933 × 10-3)

4

565 ± 81.8

3.0 ± 0.32

-2.2 ± 1.52

567.7 ± 80.39

0.999 ± (0.457 × 10-3)

72

558 ± 42.8

3.1 ± 0.70

-3.7 ± 4.53

561.3 ± 41.48

0.998 ± (2.023 × 10-3)

BSA

35

542 ± 36.6

3.2 ± 0.48

-4.5 ± 2.83

546.5 ± 35.35

0.998 ± (1.930 × 10-3)

a)
b)
c)

CCT t(112)=1.26 p=0.212, m1 t(112)=0.72 p=0.476, m2 t(112)=0.23 p=0.816, b t(112)=1.17 p=0.244
CCT t(83.2)=0.01 p=0.996, m1 t(91.9)=1.53 p=0.131, m2 t(44.1)=0.96 p=0.341, b t(112)=0.01 p=0.989
one-way ANOVA: CCT F(3)=0.98 p=0.405, m1 F(3)=0.50 p=0.685, m2 F(3)=0.58 p=0.632, b F(3)=0.94 p=0.428
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All parameters related to CT change were not normally distributed in all subgroups (p<0.050).
The amplitudes of the distribution curves for R2 were between 0.983 and 0.985 (95%CI).

In OS, the Slope2 was significantly steeper, and the quality of fit was significantly better, which
means, that the peripheral corneal thickness increase was higher than in OD by +0.5µm/mm,
Table 12-9. Since the corneal diameter was statistically significantly different in OS (Table 12-2,
page 269) and the Slope2 and cDia correlated significantly (r=0.177 p=0.019), the analysis was
adjusted for cDia. After adjustment for cDia, the intereye difference of Slope2 was not longer
significant (F(1.998, 299.702)=2.935 p=0.089). No significant difference was found between
gender and ethnicity, Table 12-9.
Table 12-9: Descriptive analysis of corneal topographic parameters for intereye comparison and within
the subgroups gender and ethnicity. Values shown as mean ± SD. (BSA= British South Asian)
n

Turning point (mm)

Slope1 (µm/mm)

Slope2 (µm/mm)

R2

OD a

113

7.5 ± 0.98

2.1 ± 0.29

2.6 ± 2.30

0.979 ± (2.009 × 10-2)

OS

113

7.7 ± 1.02

2.1 ± 0.33

3.1 ± 1.71

0.984 ± (8.276 × 10-3)

Female b

80

7.5 ± 0.93

2.1 ± 0.29

2.9 ± 1.74

0.982 ± (6.715 × 10-3)

Male

33

7.7 ± 0.71

2.0 ± 0.26

2.8 ± 1.98

0.979 ± (2.054 × 10-2)

African c
Chinese
Asian
Caucasian

3

7.1 ± 0.14

2.3 ± 0.07

3.4 ± 2.05

0.984 ± (4.612 × 10-3)

4

8.3 ± 0.70

2.2 ± 0.20

2.8 ± 1.04

0.987 ± (2.861 × 10-3)

72

7.7 ± 0.93

2.1 ± 0.28

2.8 ± 1.92

0.982 ± (6.841 × 10-3)

BSA

35

7.3 ± 0.68

2.1 ± 0.31

3.0 ± 1.66

0.978 ± (2.386 × 10-2)

a) turning point t(112)=1.848 p=0.068, Slope1 t(112)=0.720 p=0.474; Slope2 t(112)= 2.51 p=0.014; R2 t(112)= 2.67 p=0.026
b) turning point t(63.58)=0.909 p=0.367, Slope1 t(59.34)=1.846 p=0.071, Slope2 t(50.21)=0.151 p=0.880, R2 t(46.16)=0.835
p=0.411
c) turning point F(3)=2.218 p=0.099, m1 F(3)=0.868 p=0.461,m2 F(3)=0.113 p=0.952, R2 F(3)=0.477 p=0.699

No correlation was identified between age and Slope2 (r=-0.142 p=0.065) and R2 (r=0.099 p=0.198).
Turning point (r=0.293 p=0.001) and Slope1 (r=-0.196 p=0.010) demonstrated a moderate
correlation with age.
12.3.3.3

Corneal thickness in the regional zones within the sample population

There was no significant interaction between the zonal CT measurements for intereye
comparisons (F(1.199, 203.884)=0.031 p=0.899), gender (F(2.414, 203.948)=0.341 p=0.752) and
ethnicity (F(4.874, 203.504)=0.182 p=0.967), Table 12-10.
No correlations were observed between age and CT across central, paracentral and peripheral
zone (p>0.050). The interaction between location across the cornea and age was found to be
- 277 -

Chapter V: Methodology
significant (F(1.199 196.680)=6.382 p=0.009 f=0.037). Further analysis showed a significant
increase in peripheral thickness with age (CT(central)-CT(paracentral): r=0.178 p=0.022,
CT(paracentral)-CT(peripheral): r=0.220 p=0.004).
Table 12-10: Descriptive analysis of corneal thickness in the area of the CST measurements zones. Values
displayed as mean ± SD (two-way ANOVA for repeated measurements with Huynh-Feldt correction). (BSA=
British South Asian)
n

Central (µm)

Paracentral (µm)

Peripheral (µm)

p

Total

113

556.3 ± 41.64

608.3 ± 44.15

798.8 ± 47.00

-

OD

113

555.2 ± 43.07

607.0 ± 45.91

797.2 ± 49.52

OS

113

557.4 ± 40.38

609.7 ± 42.55

800.4 ± 44.58

Female

80

556.5 ± 41.03

608.5 ± 43.70

800.3 ± 47.64

Male

33

556.6 ± 43.44

608.6 ± 45.02

796.4 ± 44.29

African
Chinese
Asian
Caucasian

3

541.3 ± 10.53

590.5 ± 9.31

790.2 ± 28.95

4

567.7 ± 72.45

623.0 ± 74.97

809.6 ± 74.34

72

561.3 ± 42.48

614.1 ± 44.16

803.8 ± 48.03

BSA

35

546.5 ± 35.37

596.4 ± 38.50

788.7 ± 39.51

12.3.4

p=0.899
p=0.752

p=0.967

Anterior chamber characteristics

In the present sample population, ACD showed a range of 2.72 to 4.26mm with a CoV of 7.7%,
Figure 12-16a. No significant differences in ACD were observed between OD and OS
(t(112)=1.693 p=0.094), gender (t(111)=0.011 p=0.992) and ethnicity (F(3)=0.599 p=0.617), Table 1211. With age ACD decreased significantly by -0.01mm per year (r=-0.220 p=0.004).
The ACV was measured circularly in a range between 1 to 7mm distance from the iris root in
increments of 0.5mm, Table 12-11. For the present sample population, the ACV could be
described by the second order polynomial function (R2=0.987), E 12-9 and Figure 12-16b.
ACV = 0.858 · (Radial position [mm])2 – 0.827 · (Radial position [mm]) + 0.614

E 12-9

ACV between the corneal zones was not significantly different for intereye comparisons
(F(1.680, 292.265)=0.181 p=0.797), nor for ethnicity (F(5.006, 287.028)=1.078 p=0.373). The two-way
interaction between gender and corneal zones for ACV was found to be significant,
corresponding to a weak effect (F(1.689, 293.876)=5.004 p=0.011 f=0.028). However, the male
group was older than the female group, therefore, following adjustment for age, no significant
effect of gender on ACV was found (F(1.602, 270.662)=0.2.813 p=0.074). No significant two-way
interaction was observed between corneal zones and age on ACV (F(1.603, 272.444)=0.694
p=0.470). Peripherally the ACV increased significantly with age (r=0.202 p=0.008).
- 278 -

Chapter V: Methodology

Figure 12-16: Graphical analysis (Tukey box plots) of the distribution of the anterior chamber
characteristics (n=113, 226 eyes): a) anterior chamber depth, c) spatial distribution of the anterior
chamber volume, displayed as mean (dots) and SD (error bars). Additionally, the 95%CI error
band is given (the grey area).c) The anterior chamber angle in four different directions (p-values
calculated by Post hoc: two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli).
Overall mean is displayed as the horizontal dotted line. The sample mean values shown as
crosses in each box.

Table 12-11: Descriptive analysis of the anterior chamber angle (°) in total and in the various
main meridians for intereye comparison and within the subgroups gender and ethnicity.
Values displayed as mean ± SD. (BSA= British South Asian)
n

ACD (mm)

Total

113

OD

ACV (mm3)
C

PC

P

3.60 ± 0.277

25.5 ± 1.88

10.7 ± 1.22

2.7 ± 0.33

113

3.60 ± 0.280

25.5 ± 1.81

10.6 ± 1.24

2.7 ± 0.34

OS

113

3.61 ± 0.275

25.5 ± 1.95

10.8 ± 1.20

2.7 ± 0.32

Female

80

3.60 ± 0.294

25.5 ± 1.90

10.5 ± 1.19

2.7 ± 0.33

Male

33

3.61 ± 0.235

25.4 ± 1.85

11.1 ± 1.22

2.8 ± 0.31

African

3

3.68 ± 0.100

24.1 ± 1.38

9.4 ± 1.26

2.7 ± 0.12

Chinese
Asian

4

3.65 ± 0.108

26.1 ± 3.43

10.9 ± 0.82

2.4 ± 0.32

Caucasian

72

3.57 ± 0.241

25.7 ± 1.88

10.8 ± 1.18

2.8 ± 0.31

BSA

35

3.66 ± 0.347

25.1 ± 1.57

10.6 ± 1.27

2.6 ± 0.35

ACA was analysed in four meridians; superior (S), inferior (I), nasal (N) and temporal (T),
Figure 12-16c and Table 12-12. ACA was assessed at a variety of angles relative to the corneal
apex:
×

Superior: (90.6 ± 4.34)°;

Inferior: (270.0 ± 0.90)°

×

Nasal: (-0.8 ± 0.76)°;

Temporal: (179.9 ± 1.11)°.
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Table 12-12: Descriptive analysis of the anterior chamber angle (°) in total and in the various main meridians
for intereye comparison and within the subgroups gender and ethnicity. Values displayed as mean ± SD.
(BSA= British South Asian)
n

S

I

N

T

Total

Total a

113

40.3 ± 11.41

42.5 ± 9.42

44.7 ± 7.22

45.6 ± 7.23

43.3 ± 8.82

OD

113

40.3 ± 12.08

42.0 ± 8.15

44.2 ± 6.67

44.8 ± 7.80

42.8 ± 8.67

OS

113

40.3 ± 10.79

43 ± 10.56

45.3 ± 7.72

46.4 ± 6.51

43.7 ± 8.90

Female b

80

41.8 ± 11.48

42.9 ± 9.93

44.8 ± 7.47

45.9 ± 7.54

43.9 ± 9.11

Male

33

36.7 ± 10.52

41.5 ± 8.08

44.6 ± 6.66

44.8 ± 6.47

41.9 ± 7.93

African

3

39.1 ± 7.10

43.2 ± 4.70

44.6 ± 2.97

42.7 ± 5.26

42.4 ± 5.01

Chinese
Asian

4

45.0 ± 7.36

41.6 ± 11.6

47.6 ± 8.26

48.4 ± 6.28

45.6 ± 8.38

Caucasian

72

38.2 ± 10.62

42.0 ± 9.85

44.1 ± 7.77

44.6 ± 7.16

42.2 ± 8.85

BSA

35

44.3 ± 12.78

43.7 ± 8.75

45.8 ± 6.12

47.4 ± 7.29

45.3 ± 8.73

a) F(1.928, 302.735)=21.873 p=0.000 f=0.122, Post hoc: S-I p=0.027, S-N p=0.000, S-T p=0.000, I-N p=0.000, I-T p=0.000, N-T
p=0.092
b) F(1.967, 306.890)=3.827 p=0.023 f=0.024, Post hoc: S p=0.008, I p=0.315, N p=0.853, T p=0.361

Measures of ACA for the four meridians were found to be significantly different, except for nasal
and temporal ACA. Superiorly the ACA was found to be significantly smaller, Table 12-12 and
Figure 12-16c.
No significant interaction was found between the ACA across the meridians for intereye
comparisons (F(1.941, 302.859)=0.598 p=0.546), nor between ethnicities (F(5.943, 305.075)=1.306
p=0.255). A significant interaction was observed between ACA across the different meridians
and gender following adjustment for age (F(1.967, 306.890)=3.420 p=0.035 f=0.022). Female
subjects were observed to have wider angles superiorly (95%CI of differences between female
and male 1.3 to 8.9°, p=0.008). All other meridians were not significantly different (I p=0.315, N
p=0.853, T p=0.361), Table 12-12. No significant interaction was evident between meridians and
age on ACA (F(1.936, 302.012)=0.757 p=0.466). However, ACA decreased significantly with age in
all meridians. Superiorly the ACA decreased most by -0.40° per year, followed by inferiorly -0.30°,
temporally - 0.25° and nasally -0.19°:
×

Superior: r=-0.221 p=0.006

×

Inferior:

r=-0.191 p=0.011

×

Nasal:

r=-0.159 p=0.036

×

Temporal: r=-0.204 p=0.008
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Strong positive correlations were found between ACA across the four meridians. These values
also correlated with ACD. However, ACV did not correlate with ACA and ACD, Figure 12-17.

Figure 12-17: Pearson correlation matrix for the hierarchically clustered
comparison between anterior chamber characteristics using correlation
ellipses. Non-significant comparisons are marked by a cross. Pearson
correlation can vary between -1 (red) and 1 (green). The elliptic the shape,
the higher the correlation between the parameters.

12.3.5
12.3.5.1

Anterior scleral profile
Geometrical distortion

In the central position, the OCT image of the model eye was distorted by (5.6 ± 0.10)%. Maximum
transverse differences (difference in y-coordinates) between the reference model eye
curvature and the OCT image was found at the vertical apex (xmax/xmin) by +152µm (ecc = 0.37).
Thus, the OCT image showed a flattening of the spherical surface towards the horizontal
periphery. Centrally within a range of ±4mm around the horizontal apex, the mean flattening was
(22 ± 23.8)µm.
Graphical representation of the geometrical displacement of the image, relative to the model
eye, revealed that the distortion overtly impacts the OCT-images in the two lower quadrants.
Horizontal displacement of the model eye apex did not alter the distortion, Figure 12-18a. The
geometrical distortion of the AS-OCT images was found to be dependent on the distance
between the AS-OCT device and eye: the larger the distance, the greater the increase in arc
length, and the subsequent flattening effect (r=0.954 p=0.000), Figure 12-18b.
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The differences between the actual dimension of the sphere and the dimension of the OCT
image did not exceed 2% of the actual dimension within the upper quadrants. Therefore, in
normal working distances (11mm), the measured structures (limbus and scleral thickness) were
uncorrected for further analysis, provided that the structure of interest was within the upper
quadrant (I and II) of the OCT-images. All other images were excluded from the analysis.

Figure 12-18: The differences between the actual dimension of the sphere and the dimension of
the OCT image did not exceed 2% of the actual dimension within the upper quadrants. Therefore,
in normal working distances, the measured structures (limbus and scleral thickness) were
uncorrected for further analysis, provided that the structure of interest was within the upper
quadrant of the OCT-images. All other images were excluded from the analysis.

12.3.5.2

Evaluation of the measurement procedure

Scleral thickness profiles were assessed in 35 randomly chosen healthy subjects, one eye in all
meridians. Seventeen right eyes and eighteen left eyes were included.
Intraobserver reliability
Intraobserver reliability was evaluated by analysing the AS-OCT images three times by one
observer (DO), Table 12-13 and Figure 12-19.
Limbal measurements showed variability of (4.3 ± 5.37)%. Maximum differences were found for
measures of the limbal length along the superior temporal meridian. The mean difference
between three limbal length measurements was found to be 61.2µm; mean differences for
corneal-limbus thickness and scleral-limbus was 7.2µm and 12.1µm, respectively. None of the
repeated measurements for limbus morphology were significantly different. Overall,
repeatability measurements of limbal morphology showed excellent levels of concordance
(95%CI: ICC 0.994 to 0.996, Cronbach’s alpha 0.998 to 0.999).
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Table 12-13: Intraobserver reliability of limbus architecture using AS-OCT imaging (n=35). CoV provided in
percent, ICC quality ranged between 0.687 and 0.999 (Cronbach’s alpha). p-Values derived from one-way
ANOVA.
Limbal length

Corneal-limbus thickness

Scleral-limbus thickness

CoV

ICC

p

CoV

ICC

p

CoV

ICC

p

Total

9.1

0.892

0.846

1.5

0.951

0.729

2.4

0.899

0.214

I

8.6

0.679

0.982

1.1

0.950

0.736

2.3

0.661

0.087

IN

11.4

0.814

0.207

2.3

0.765

0.552

3.6

0.724

0.851

IT

7.5

0.711

0.951

1.2

0.834

0.783

2.4

0.882

0.108

N

8.0

0.825

0.140

1.2

0.942

0.702

2.2

0.610

0.661

S

6.6

0.643

0.580

1.4

0.881

0.307

1.7

0.869

0.174

SN

8.2

0.789

0.982

2.1

0.739

0.639

3.1

0.546

0.412

ST

13.6

0.819

0.284

1.1

0.845

0.539

1.5

0.757

0.830

T

9.3

0.553

0.545

1.4

0.799

0.367

2.3

0.780

0.379

RM one-way ANOVA: limbal length F(2)=0.888 p=0.426, CL-T F(2)=0.843 p=0.444, SL-T F(2)=2.223 p=0.151

Figure 12-19: Graphical analysis of the intraobserver reliability for limbal architecture measurements, mean
differences and respective error (±SD) for each meridian (0° = nasal) for a) limbal length and b) corneal-limbus
(blue) and scleral-limbus (red) thickness.

Scleral measurements showed variability of (2.4 ± 2.01)%; maximum difference in thicknesses
was observed inferior nasally 4mm from the scleral spur (13.1µm), Table 12-14 and Figure 12-21a.
The mean difference between three repeated measures of scleral thickness was found to be
11.4µm. Repeated measures of scleral thickness showed no significant difference. Overall,
measurements of scleral thickness showed excellent level of concordance (95%CI: ICC 0.963 to
0.973 with Cronbach’s alpha 0.987 to 0.991).
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Table 12-14: Descriptive analysis of the anterior scleral thickness intraobserver CoV (%) of three
measurements (n=35).
S

SN

N

IN

I

IT

T

ST

Total

Total

2.1

2.8

2.5

3.0

2.6

2.3

2.1

2.1

2.4

ST SP

1.9

2.6

1.6

2.9

2.7

1.4

2.0

1.3

2.0

ST 1mm

2.3

3.1

2.0

2.6

1.9

1.9

1.2

1.4

2.0

ST 2mm

2.2

1.9

1.5

2.6

2.4

2.1

1.1

2.2

2.0

ST 3mm

2.5

3.1

2.5

3.6

2.7

2.5

2.6

1.8

2.6

ST 4mm

1.9

3.9

2.8

4.0

3.5

2.4

2.4

2.4

2.9

ST 5mm

1.9

3.6

3.7

2.8

-

3.2

2.7

2.7

3.0

ST 6mm

2.8

1.0

3.8

3.1

-

2.6

2.5

2.9

2.8

ST 7mm

-

0.9

-

2.5

-

2.1

2.5

1.5

2.0

RM one-way ANOVA: S F(2)=1.586 p=0.223, SN F(2)=1.188 p=0.289, N F(2)=0.081 p=0.922, IN F(2)=2.233 p=0.132, I F(2)=2.223
p=0.151, IT F(2)=2.547 p=0.102, T F(2)=0.244 p=0.786, ST F(2)=2.487 p=0.107

Interobserver reliability
The interobserver reliability was assessed by two trained observers (DO, TG). Each observer
measured limbal architecture and scleral thickness in 35 eyes in all meridians; the average of
three measurements per observer was used for analysis.
Significant differences were observed for measures of limbal architecture between the two
observers (t(245)=-11.490 p=0.000). Despite these findings strong positive correlations were also
noted between their measurements (limbal length r=0.927 p=0.000, CL-T r=0.846 p=0.001, SL-T
r=0.723 p=0.000).
Limbal measurements varied in total by (9.2 ± 7.61)%. Maximum differences were found for nasal
limbal length, Table 12-15. The mean difference between overall limbal length measurements
by two observers was found to be -0.173mm (observer 2 subtracted from observer 1: 95%CI 0.208 to -0.138), corneal-limbus thickness -34,1µm (95%CI -34.0 to -18.0) and scleral-limbus
thickness -59.3µm (95%CI -66.7 to -49.2), Figure 12-20. Overall, measures of limbal architecture
showed excellent levels of concordance (95%CI: ICC 0.990 to 0.994, Cronbach’s alpha 0.995 to
0.997).
Measures of ST differed significantly between the two observers (t(461)=-24.790 p=0.000) but
demonstrated a strong positive correlation (r=0.930 p=0.000). In total, scleral measurements
varied by (9.7 ± 5.66)% between the two observers with a maximum difference in the superior
- 284 -

Chapter V: Methodology
nasal zone 1mm from the scleral spur (18.6%), Table 12-16. Highest variability for ST
measurements was found in the superior nasal meridian, Figure 12-21b. The mean difference
between ST measurements by two observers was found to be -62.8 µm (observer 2 subtracted
from observer 1: 95%CI -67.6 to -58.0µm), Figure 12-21b. Overall, measures of ST profile showed
excellent concordance (95%CI: ICC 0.908 to 0.935 with Cronbach’s alpha 0.952 to 0.966).
Table 12-15: Interobserver reliability of limbus architecture using AS-OCT imaging (n=35). Relative
differences provided in percent, ICC quality ranged between 0.864 and 0.956 (Cronbach’s alpha). p-Values
derived from two-sided t-test for paired samples.
Limbal length

Corneal-limbus thickness

Scleral-limbus thickness

Relative
difference

ICC

p

Relative
difference

ICC

p

Relative
difference

ICC

p

Total

16.5

0.926

0.000

5.0

0.845

0.000

8.3

0.832

0.000

I

10.6

0.804

0.012

5.5

0.739

0.001

10.4

0.419

0.000

IN

19.7

0.508

0.481

2.8

0.843

0.862

6.2

0.949

0.000

IT

18.3

0.881

0.001

4.3

0.231

0.092

8.3

0.852

0.000

N

23.8

0.900

0.001

4.8

0.679

0.055

7.9

0.741

0.000

S

10.7

0.848

0.004

7.1

0.958

0.000

9.3

0.840

0.000

SN

16.5

0.875

0.011

6.3

0.337

0.067

10.8

0.060

0.030

ST

20.1

0.943

0.001

4.7

0.867

0.001

6.0

0.605

0.005

T

21.7

0.989

0.000

4.4

0.920

0.551

7.6

0.908

0.001

Table 12-16: Descriptive analysis of the anterior scleral thickness interobserver reliability by means of the
relative error (%) between two observers (n=35).
I

IN

IT

N

S

SN

ST

T

Total

Total

10.3

10.3

9.1

7.8

9.9

15.7

8.1

8.5

9.7

ST SP

10.8

10.4

7.8

5.5

7.4

14.2

8.5

6.8

8.9

ST 1mm

8.4

10.5

7.3

6.6

10.2

18.6

5.8

5.5

9.8

ST 2mm

11.0

9.4

8.2

7.1

11.5

16.8

7.4

8.1

10.5

ST 3mm

10.6

7.8

11.9

7.4

12.0

15.8

9.4

9.8

10.2

ST 4mm

11.2

10.0

10.4

8.6

8.7

12.0

8.4

12.6

9.8

ST 5mm

-

11.6

8.6

11.2

9.1

14.4

8.0

8.9

10.1

ST 6mm

-

12.8

10.4

8.4

-

16.6

9.1

8.8

10.2

ST 7mm

-

12.2

8.0

10.9

-

16.7

8.4

5.0

8.8
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Figure 12-20: Graphical analysis of the interobserver reliability for limbal architecture measurements, absolute
differences and respective error (±95%CI) for each meridian (0° = nasal) for a) limbal length and b) corneallimbus (blue) and scleral-limbus (red) thickness.

Figure 12-21: Graphical analysis of the a) intraobserver and b) interobserver reliability for scleral thickness
measurements, mean differences and respective error (±SD) for each meridian.

Bland-Altman analysis of the AS-OCT scleral profile measurements revealed, that observer 2
consistently obtained higher values then observer 1, Figure 12-22. The mean bias between
observer 1 and 2 were: for limbal length (-0.173 ± 0.1307)mm, limbus thickness (-42.7 ± 40.41)µm
and scleral thickness (-62.8 ± 52.27)µm. There was no significant systematic error between the
two observers (limbal length -0.041 p=0.435, limbus thickness -0.127 p=0.066, scleral thickness 0.173 p=0.051).

For further analysis of the limbus architecture and anterior scleral thickness, only
measurements obtained by observer 1 were used.
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Figure 12-22: Bland-Altman analysis for limbal length, limbal thickness and scleral
thickness measurements. Additionally, the histograms for the differences are
provided on the right side of the respective diagram.

12.3.5.3

Limbal architecture

Limbal length (LL) was significantly different between meridians: superiorly the limbal length
was the longest, followed by inferiorly, temporally and nasally, Table 12-17 and Figure 12-23b.
No significant interactions were found for the meridians and intereye comparisons for the LL
(F(5.848, 432.736)=0.476 p=0.820). A significant interaction was found between the meridians and
both gender (F(5.905, 436.995)=3.000 p=0.007 f=0.039) and ethnicity (F(12.392, 452.325)=4.244
p=0.000 f=0.104). The LL of female subjects were significantly longer superiorly and nasally (S
p=0.019, N p=0.009). LL for Caucasian subjects was significantly shorter inferiorly, inferiortemporally and superior temporally (p(I, IT, ST)=0.000).
Both corneal-limbus thickness (CL-T) and scleral-limbus thickness (SL-T) were significantly
different between meridians, Table 12-17. Temporal limbal thickness was greatest for both CLT and SL-T, Table 12-17 and Figure 12-23b.
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Table 12-17: Descriptive analysis of the limbal length (LL), corneal-limbus and scleral-limbus thickness (CLT, SL-T) in total and in eight different meridians for intereye comparisons and between gender and ethnicity
(n=113). Values are provided as mean ± SD.
I

IN

IT

N

S

SN

ST

T

Total

LL a

1.122
0.2871

0.973
0.2502

0.779
0.2371

0.630
0.1333

1.595
0.2856

1.176
0.2734

0.976
0.3379

0.741
0.1549

1.098
0.2871

CL-T b

666
66.6

669
43.6

686
70.0

710
61.7

644
49.4

661
41.9

693
54.3

795
108.0

697
84.9

SL-T c

733
81.1

719
56.3

722
86.7

693
60.9

685
57.5

663
53.7

708
60.5

810
102.6

723
86.7

RM one-way ANOVA, Post-Hoc:
a) F(7, 525)=139.114 p=0.000 f=0.855; I-SN p=0.695, IN-ST p=0.999 (ns), IT-T p=0.939, rest comparisons p=0.000
b) F(7, 525)=41.935 p=0.000 f=0.430; I-IN p=0.999, I-IT p=0.362, I-S p=0.131, I-SN p=0.999, I-ST p=0.70, I-IT p=0.760, IN-S p=0.154,
IN-SN p=0.994, IN-ST p=0.346, IT-N p=0.149, IT-SN p=0.265, IT-ST p=0.999, N-ST p=0.509, S-SN p=0.668, SN-ST p=0.057, rest
comparisons p=0.000
c) F(7, 532)=31.919 p=0.000 f=0.310; I-IN p=0.856, I-IT p=0.950, I-ST p=0.160, IN-IT p=1.000, IN-N p=0.148, IN-ST p=0.970, IT-N
p=0.087, IT-ST p=0.921, N-S p=0.983, N-ST p=0.921, S-SN P=0.366, S-ST p=0.0.383, rest comparisons p=0.000

Figure 12-23: Graphical analysis of the limbal architecture measurements, mean and standard deviation for
each meridian (0° = nasal) for a) limbal length and b) corneal-limbus (blue) and scleral-limbus (red) thickness.

No significant interaction was observed between meridian and the following comparisons:
×

Intereye comparisons:
o

×

SL-T F(5.622, 421.661)=0.905 p=0.486

Gender:
o

×

CL-T F(5.140, 380.332)=1.369 p=0.234;

CL-T F(5.138, 74.000)=2.530 p=0.116;

SL-T F(5.735, 430.139)=0.905 p=0.072

Ethnicity:
o

CL-T F(10.305, 376.136)=1.184 p=0.299;

SL-T F(11.353, 420.076)=0.654 p=0.787

In addition, the results revealed no significant interaction between age, meridians and all
measures of the limbus: limbal length (F(6.128, 428.978)=1.502 p=0.081), corneal-limbus thickness
(F(5.060, 374.413)=1.026 p=0.403) and scleral-limbus thickness (F(5.596, 419.704)=0.635 p=0.691).
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12.3.5.4

Anterior scleral thickness

The effect of the distance from scleral spur and the orientation of the meridians at which the
scleral thickness was measured was assessed, Table 12-18 and Figure 12-24. There was a
significant two-way interaction between meridians and distances for scleral thickness.
Measures of scleral thickness differed significantly across all meridians, except for the N-T
(p=1.000), N-IT (p=1.000), IN-IT (p=0.381) and T-ST (p=1.000). Significant differences between the
ST values attained at the multiple positions posterior to the scleral spur were observed, except
SP-5mm (p=1.000), 1-4mm (p=1.000), 2-3mm (p=1.000) and 5-6mm (p=0.124).
There were two outliers in Chinese Asian ethnicity, as assessed by the outlier labelling rule. The
outliers were kept in the analysis because they did not materially affect the results as evaluated
by a comparison of the results with and without the outliers. For all comparisons, the
assumption of homogeneity of variances was violated, as assessed by Levene's test for equality
of variances (p>0.050). The ratio between the largest and smallest group variance was smaller
or equal than three Thus, no data transformation was used to conduct a three-way mixed
ANOVA:
×

×

×

Intereye comparison:
o

OD:

IN (7mm) vs. S I (6mm): SD 140 vs. 54µm; ratio=2.6

o

OS:

N (7mm) vs. SN (SP): SD 128 vs. 60µm; ratio=2.1

Gender:
o

Female:

I (7mm) vs. IN (7mm): SD 153 vs. 58µm; ratio=2.6

o

Male:

IN (5mm) vs. S (SP): SD 148 vs. 62µm; ratio=2.4

Ethnicity:
o

African:

I (5mm) vs. S (4mm): SD 144 vs. 69µm; ratio=2.1

o

Chinese Asian:

I (2mm) vs. N (7mm): SD 154 vs. 51µm; ratio=3.0

o

Caucasian:

IN (7mm) vs. I (5mm): SD 122 vs. 42µm; ratio=2.9

o

British South Asian: T (2mm) vs. SN (7mm): SD 16 vs. 61µm; ratio=2.6
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Scleral thickness along each meridian and distance from the scleral spur was not affected
significantly by the following comparisons:
×

Intereye comparison:
o

×

meridian: F(5.798, 156.558)=1.794 p=0.106,

distance: F(2.444, 65.986)=3.455 p=0.074

Ethnicity:
o

×

distance: F(2.317, 62.561)=0.244 p=0.815

Gender:
o

×

meridian: F(5.941, 160.420)=0.189 p=0.979,

meridian: F(5.660, 152.809)=1.214 p=0.303,

distance: F(2.293, 61.901)=0.717 p=0.510

meridian: F(5.958, 160.868)=1.121 p=0.352,

distance: F(2.343, 63.251)=0.534 p=0.617

Age:
o

Table 12-18: Descriptive analysis of the anterior scleral thickness in eight different meridians and seven
distances from the scleral spur (n=113)
I

IN

IT

N

S

SN

ST

T

Total

Total

727
(76)

743
(98)

705
(87)

710
(96)

669
(84)

658
(87)

668
(84)

710
(105)

698
(95)

ST SP

733
(81)

719
(56)

722
(87)

693
(61)

685
(57)

663
(54)

708
(61)

810
(103)

723
(87)

ST 1mm

761
(69)

730
(71)

747
(82)

653
(71)

668
(66)

628
(71)

703
(61)

694
(76)

698
(83)

ST 2mm

729
(67)

716
(72)

693
(76)

647
(69)

623
(59)

611
(74)

640
(70)

630
(62)

660
(80)

ST 3mm

721
(65)

732
(84)

668
(80)

680
(71)

616
(64)

631
(84)

619
(82)

634
(67)

663
(84)

ST 4mm

740
(71)

779
(103)

681
(85)

719
(81)

625
(66)

671
(95)

625
(90)

667
(75)

690
(95)

ST 5mm

755
(67)

822
(120)

711
(89)

768
(92)

653
(75)

719
(111)

653
(95)

707
(81)

726
(103)

ST 6mm

745
(17)

840
(124)

719
(87)

799
(85)

661
(74)

726
(92)

671
(89)

722
(73)

741
(100)

ST 7mm

812
(70)

858
(132)

770
(93)

884
(134)

720
(103)

785
(120)

724
(89)

785
(82)

798
(129)

Two-way ANOVA: F(11.668, 326.694)=18.189 p=0.000 η2=0.394 f=0.429;
RM one-way ANOVA:
meridians F(5.698, 159.557)=26.925 p=0.000 η2=0.490 f=0.511, distance F(2.246, 62.886)=26.522 p=0.000 η2=0.486 f=0.502
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Figure 12-24: Graphical analysis of the scleral thickness across eight meridians and in various distances (sclerallimbus (-1) to 7mm) from the scleral spur. a) 2D contour plot of the scleral thickness (x-axis: angle, y-axis:
distance), blue represents thin scleral areas, red thick. b) Polar plot of the mean scleral thickness (+/- SD) of the
meridians. c) Scleral thickness separately for each meridian across the anterior surface up to 7mm from the
scleral spur. Graphs show the means (dots) and standard deviation (error bars) as well as the 95%CI (mean)
error bands (grey).
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12.3.5.5

Correlation between anterior scleral profile characteristics

Limbal length and CL-T did not correlate with SL-T or scleral thickness (distance, meridians),
Figure 12-25a. Measures of scleral thickness showed good correlation with thickness values for
location sites close together; scleral thickness measurements did not correlate for distances
further away than 5mm. Strong positive significant correlations were noted between meridional
measures of CL-T and scleral thickness, Figure 12-25b. Values for horizontal and vertical
meridians did not correlate significantly for LL and SL-T.

Figure 12-25: Pearson correlation matrix for the hierarchically clustered comparison between anterior scleral
profile characteristics using correlation ellipses for a) measurements at different distances across the anterior
surface and b) measurements in different meridians. Non-significant comparisons are blanked. Pearson
correlation can vary between -1 (red) and 1 (green). The more elliptic the shape, the higher the correlation
between the parameters.

12.3.6

Axial distances

Figure 12-26: Graphical analysis of the axial distances (Tukey box plots, n=113, 226 eyes) shows the distribution
of the detected refractive index changes (tear film, posterior corneal surface, anterior and posterior lens
surface and the RPE.
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Axial distances included the analysis of the lens thickness and axial length, Figure 12-26 and
Table 12-19. Lens thickness was not normally distributed, neither in total nor any of the
subgroups, whereas axial lengths were normally distributed.
Lens thickness and axial length did not correlate (r=-0.094, p=0.394). Lens thickness increased
by 0.022mm per year (r=0.557, p=0.000), whereas axial length did not change with age (r=0.072,
p=0.357).
Table 12-19: Descriptive analysis of the axial distances (mm) in total, for intereye comparison and within the
subgroups gender and ethnicity. Values displayed as mean ± SD. (BSA= British South Asian)
n

Lens thickness

Differences

Axial length

Differences

Total

113

3.65 ± 0.266

-

24.16 ± 1.316

-

OD

113

3.65 ± 0.235

OS

113

3.64 ± 0.232

Female

80

3.61 ± 0.232

Male

33

3.74 ± 0.224

African

3

3.44 ± 0.131

Chinese
Asian

4

3.60 ± 0.427

Caucasian

72

3.71 ± 0.223

24.10 ± 1.179

BSA

35

3.55 ± 0.209

24.21 ± 1.625

*significantly different

12.3.7
12.3.7.1

0.00 ± 0.050
p=0.727 a
0.13 ± 0.055
p=0.180 b

24.18 ± 1.302
24.13 ± 1.341
24.05 ± 1.456
24.44 ± 0.935

-0.05 ± 0.254
p=0.093 a
0.39 ± 0.317
p=0.225 b

23.78 ± 0.626
p=0.484 b

a) two-tailed t-test for paired samples

25.24 ± 1.231

p=0.523 b

b) Univariate ANOVA age adjusted

Refractive error and visual acuity
Evaluation of the level of agreement between two devices

Refractive error was assessed for ten healthy subjects (10 males, 10 females; aged (29.2 ± 4.8)
years) in both eyes, randomly with the OPD-Scan III and the WAM-5500. The mean refractive
error was: MSE (-1.40 ± 2.139)D, J0 (0.01 ± 0.132)D and J45 (0.03 ± 0.265)D. There was no significant
difference between results from the OPD-Scan III and WAM-5500 (t(19)=0.358, p=0.874). Strong
positive correlations were found between the respective refractive components measured by
the two devices (MSE r=0.982, p=0.000; J0 r=0.954, p=0.000; J45 r=0.987, p=0.000). There was a high
level of agreement between both devices (ICC: MSE 0.987, J0 0.896, J45 0.980, Cronbach’s alpha
MSE 0.981, J0 0.996, J45 0.982).
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12.3.7.2

Refractive error and visual acuity

Hyperopia was prevalent in 31.0% of the assessed eyes (average RE +1.45DS -0.32DC 172°) while
68.7% were myopic (average RE -2.52DS -0.08DC 145°). There was no significant difference in the
prevalence levels of different types of astigmatism (c2(2)=3.234 p=0.199), Figure 12-27.

Figure 12-27: Graphical analysis of the refractive error (n=113, 226 eyes). a) Distribution (Tukey box plots) of the
spherical equivalent (M) and the cylindrical components (J0, J45) of the ocular refractive error. The sample mean
values displayed as crosses in each box. b) Jones vector components for myopic (red) and hyperopic (blue)
eyes (means ± standard deviation): the mean spherical equivalent was statistically significantly different
between myopic and hyperopic eyes (two-way ANOVA: p=0.000, F(2, 1350)=438.5; the two-stage linear step-up
procedure of Benjamini, Krieger and Yekutieli: p-values provided). c) Relative frequency of the refractive error
types shows that the vast majority of cases had of myopic astigmatism RE (53.0%). d) Single angle plot is
showing the distribution of the astigmatism axis and magnitude. The magnitude of astigmatism is represented
by the rings (0 to 4DC). The angles of the polar plot range from 0 to 180° according to the TABO scheme and
correspond to the range of axis. The grey areas show the range of regular astigmatism, the blue area of the
irregular and the white of oblique astigmatism.

The Jones vector components were different between myopic and hyperopic eyes (F(2.298,
173.529)=55.189 p=0.000 f=0.465). Further analysis revealed that the cylindrical components were
not significantly different (J0 t(224)=1.566 p=0.159, J45 t(224)=0.219 p=0.825) and it was the
spherical components that differed significantly (t(224)=13.963, p=0.000).
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No significant two-way interaction was observed between the components of the Jones
vectors with the following comparisons, Table 12-20:
×

Intereye comparison:

F(1.084, 163.635)=0.077 p=0.781

×

Gender:

F(1.084, 163.638)=0.076 p=0.784

×

Ethnicity:

F(3.300, 163.693)=1.754 p=0.109

×

Age:

F(1.084, 163.619)=0.126 p=0.723

Table 12-20: Descriptive analysis of the refractive error in total, for intereye comparison and within the
subgroups gender and ethnicity. Values displayed as mean ± SD (BSA= British South Asian).
n

MSE (D)

J0 (D)

J45 (D)

average RE

Total

113

-1.35 ± 2.656

0.06 ± 0.521

0.04 ± 0.231

-1.28DS -0.14DC 163°

OD

113

-1.41 ± 2.664

0.02 ± 0.474

0.06 ± 0.228

-1.35DS -0.13DC 144°

OS

113

-1.30 ± 2.664

0.12 ± 0.580

0.02 ± 0.244

-1.18DS -0.24DC 175°

Differences

-

0.11 ± 0.665

0.09 ± 0.472

-0.04 ± 0.389

+0.21DS -0.20DC 168°

Female

80

-1.40 ± 2.932

0.00 ± 0.461

0.04 ± 0.139

-1.36DS -0.08DC 135°

Male

33

-1.24 ± 1.771

0.17 ± 0.449

0.03 ± 0.120

-1.07DS -0.35DC 175°

Differences

-

0.16 ± 0.642

0.16 ± 0.116

-0.01 ± 0.034

+0.32DS -0.32DC 178°

African

3

-0.51 ± 0.449

-0.23 ± 0.002

0.07 ± 0.144

-0.27DS -0.48DC 98°

Chinese
Asian

4

-3.08 ± 2.109

0.11 ± 0.164

-0.01 ± 0.062

-2.97DS -0.22DC 177°

Caucasian

72

-1.02 ± 2.508

-0.03 ± 0.491

-0.06 ± 0.138

-0.95DS -0.13DC 122°

BSA

35

-1.90 ± 2.963

-0.20 ± 0.405

0.02 ± 0.131

-1.70DS -0.40DC 93°

Mean binocular BCVA was (-0.04 ± 0.082)LogMAR and ranged between -0.14 to 0.19 LogMAR. The
VA(OD) (0.01 ± 0.104)LogMAR and VA(OS) (0.01 ± 0.132)LogMAR BCVA were not significantly
different (t(112)=0.250, p=0.803).

12.3.8

Association between ocular biometrics

The following analysis compared each ocular biometric characteristic with each other. The
complete list of comparisons can be found in the Appendix A-12 (page A-23 et seq.).
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Figure 12-28: Graphical analysis of the comparison between highly correlating ocular biometric parameters
(n=113, 226 eyes). For each comparison, the linear regression line with 95%CI error bands are provided as well
as the resulting equation and quality of fit. a) Corneal volume correlated significantly positive with CT-P (dark
blue), CT-PC (light blue), CT-C (violet) and ACV-C (orange). b) ACV-C also correlated significantly positive with
corneal thickness in the different zones. c) The magnitude of J0 decreased significantly with increasing corneal
astigmatism. d) Per millimetre axial length (AL) increase, the spherical equivalent (MSE) decreased by -1.6D.

Corneal thickness demonstrated a strong correlation with corneal volume and ACV-C,
Figure 12-28a and b. The bigger the corneal volume, the bigger the ACV centrally, Figure 12-28a.
Examination of the refractive parameters also revealed a strong correlation; the higher the
corneal astigmatism, the more negative the J0 results, Figure 12-28c. Furthermore, the longer
axial lengths were associated with a more negative MSE, Figure 12-28d. In general, corneal
volume and ACV-C were found to be most depended on other ocular biometric parameters (10
significant correlations with a mean absolute r(CV)=0.678 and r(ACV-C)=0.665). Corneal
densitometry, limbal length peripheral sagittal radius and scleral thickness did correlate with
the other ocular biometry parameters, but correlation was found to be very weak (r<0.030).
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12.3.9

Cluster analysis using ocular biometrics

For clustering, the sample population only parameters with low levels of collinearity were
included (see previous Chapters). Collinearity included intereye comparisons and comparisons
between gender, ethnicity and characteristics. Thus, the following parameters were included in
the analysis:
×

Topography: Central corneal curvature, peripheral sagittal radius

×

Corneal thickness: CT-C, m1, turning point, Slope1

×

Anterior chamber characteristics: ACD, average ACA

×

Anterior scleral profile: ST-L, limbal length, average ST

×

Axial distances: Lens thickness

×

Refractive error: J0, MSE

Due to innate differences in the units of the various parameters, all values were standardised
using their respective sample population average and SD. To cluster the sample population
based on their ocular biometric characteristic an agglomerative hierarchical, stepwise cluster
analysis using Ward's method and squared Euclidean was found to be most appropriate.

Figure 12-29: Cluster analysis (n=113, 226 eyes). a) The dendrogram (Ward's method and squared Euclidean,
three clusters) shows three distinctive groups. b) The biggest difference between neighbours did not increase
suddenly nor showed big steps in higher stages.

The number of clusters where decided based on visual evaluation of the dendrogram and the
agglomeration distance plot, Figure 12-29. The dendrogram and agglomeration distance plot
revealed that the sample population could be grouped into three distinct clusters, Figure 12-29.
The smallest distance between the groups was 0.24 when combined. Subsequent discriminant
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analysis showed that the turning point (F1 0.364), lens thickness (F1 0.327) and the CL-T (F2 0.511)
had the smallest impact on grouping the cases, Figure 12-30.

Figure 12-30: Graphical analysis of the discriminant analysis (n=113, 226
eyes). The graphic shows that using the derived cluster variable three
distinct groups can be identified applying the resulting functions from the
discriminant analysis.

The clusters demonstrated a difference for all parameters (p<0.050) except for J0 (p=0.444).
Post-hoc analysis revealed that clusters 1 and 2 provided no significant difference for measures
of Slope1, while clusters 1 and 3 showed no significant difference for turning point, limbal length
and CL-T. Clusters 2 and 3 were not significantly different for ACA, MSE and limbal length,
Table 12-21.
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Table 12-21: Descriptive analysis of the ocular biometric parameters within the determined clusters. Values
displayed as mean ± SD. P-values are derived from one-way ANOVA.
p

Cluster 1 (n=40)

Cluster 2 (n=78)

Cluster 3 (n=94)

Topography
rflat (mm)

0.000

8.05 ± 0.230

8.17 ± 0.247

7.81 ± 0.19

rsteep (mm)

0.000

7.84 ± 0.206

8.01 ± 0.242

7.62 ± 0.218

SR (P) (mm)

0.000

8.39 ± 0.197

8.58 ± 0.267

8.11 ± 0.21

-

Flattest & highest
peripheral flattening

Steepest

Interpretation

Corneal thickness
CT (C) (µm)

0.000

567.13 ± 42.411

537.70 ± 42.607

568.86 ± 33.475

m1 (µm/mm)

0.000

2.31 ± 0.572

3.15 ± 0.48

3.41 ± 0.472

Turning point (mm)

0.000

8.84 ± 0.956

7.38 ± 0.687

7.23 ± 0.692

Slope1 (µm/mm)

0.000

1.96 ± 0.391

2.06 ± 0.261

2.20 ± 0.284

Thinnest and smallest
peripheral change

-

Thickest and highest
increase in thickness

Interpretation

Anterior chamber characteristics
ACA (°)

0.000

34.93 ± 7.556

43.4 ± 5.300

45.71 ± 5.847

ACD (mm)

0.000

3.37 ± 0.292

3.58 ± 0.216

3.71 ± 0.256

Lowest depth and
smallest angle

-

Greatest depth and
largest angle

Interpretation

Anterior scleral characteristics
SL-T (µm)

0.000

685.9 ± 53.466

722.78 ± 46.423

751.91 ± 53.189

Limbal length (mm)

0.003

1.03 ± 0.209

0.92 ± 0.123

0.96 ± 0.152

ST (µm)

0.001

684.77 ± 54.306

692.81 ± 38.56

716.03 ± 42.929

Thinnest

-

Thickest

Axial distance and refractive error
Lens thickness (mm)

0.000

3.78 ± 0.228

3.67 ± 0.265

3.57 ± 0.167

MSE (D)

0.002

0.07 ± 2.573

-1.35 ± 2.712

-1.86 ± 2.371

J0 (D)

0.444

0.15 ± 0.44

0.02 ± 0.293

0.03 ± 0.621

Most positive Rx and
thickest lens

-

Most negative Rx and
thinnest lens

Interpretation
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12.4 Discussion
In view of the influence ocular biometry has on corneal biomechanics, the present study aimed
to develop methods of comprehensively assessing the anterior ocular surface morphology to
allow characterization of the ocular biometry of the sample population.

12.4.1

Corneal thickness

The cornea is known to show progressive thickening towards the periphery by 9 to 52%
(average 21%) (Avitabile et al., 1997, Hitzenberger et al., 1994, Hashemi et al., 2016a, Fares et al.,
2012, Jonuscheit and Doughty, 2009, Doughty and Zaman, 2000). The profile of thickness change
has been shown to vary with differences in study population, definition of peripheral cornea and
the method used to assess corneal thickness. Amongst the sample population examined in this
study, the average thickness change across the analysis area (radial distance of 5mm from the
corneal apex) was highly variable with an average change of (31 ± 6.0)%, Figure 12-31.

Figure 12-31: Spatial distribution of the normalised corneal thickness (a) and thickness change (b) for two study
subjects (blue: ID070 OS, red ID078 OS). a) Both individuals had a thickness change by +244µm (+31%) at the
radial distance of 10.2mm from the respective apex. Although both subjects had the same increase in thickness,
the spatial profile is different (blue: m1=3.43µm/mm2, red: m1=1.90 µm/mm2). b) The actual thickness change
across the cornea is very consistent in subject ID078 (slope 1.94µm/mm R2=0.999), whereas in subject ID070 the
change up to a radial distance of 7.6mm was smaller by 1.45 µm/mm (R2=0.988), but increased significantly
afterwards to a changing rate of 4.51µm/mm (R2=0.974).

The investigation of the CT change across the cornea was found to be important. As shown in
Figure 12-4 (page 258), the spatial distribution of thickness change varied between individuals
significantly. To describe this change in thickness, three parameters were introduced: Turning
point (TP), Slope1 and Slope2. The turning point provides the corneal position at which the
thickness change alters. Visual investigation of the individual data for each participant showed
that four different changing profiles could be distinguished, Figure 12-32:
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×

Increased progression: stable increase up to TP followed by an increase in CT change
(Slope1 < Slope2)

×

Continuous progression: stable CT change increase (Slope1 @ Slope2)

×

Plateau change: stable increase up to TP followed by a sTable change (Slope2 @ ±0µm/mm),

×

Decreased progression: stable increase up to TP followed by a decrease in CT change
(Slope1 > Slope2).

Figure 12-32: Graphical analysis of the four different CT progression types found within the sample population.
The measured values per radial position are provided (dot) and the dotted line represents the fitted progression
by using the stepwise-regression (Slope1 and Slope2).

Hitherto much of the literature on the thickness profile of the cornea is based on studies that
have assessed the thickness at distinct locations across the cornea, e.g. CCT is compared with
CT at 3mm distance from the apex, Table 12-22 (Avitabile et al., 1997, Fares et al., 2012, Hashemi
et al., 2016a, Hitzenberger et al., 1994, Jonuscheit and Doughty, 2009, Rufer et al., 2005a).
Despite such methodological differences, the results of the present study are in line with
previous reports albeit the most peripheral CT measurements were higher than values within
the literature, Table 12-22. A possible cause of this discrepancy is likely to be due to the younger
age of the sample population, since with progressing age the difference between central and
peripheral corneal thickness has been found to reduce (Jonuscheit and Doughty, 2009, Martola
and Baum, 1968). The results highlight the significant variability in thickness changes across the
cornea and suggest that greater clinical value may be achieved by categorising the profile
change into distinct trends, Figure 12-32.
Mathematical analysis of the corneal profile provided the means to allow curve fitting and
identification of the turning point, which represents the corneal position where a significant
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change in thickness progression occurs, i.e. increasing, continuous, plateau and decreased
progression. As such the data shows that 19% of the cases exhibited a continuous progression,
61% showed an increased progression, 15% a decrease and in 5% the CT change remained
stable following the TP. Looking at the distribution of CT change provided by the literature, this
circumstance is expressed in the increase in spread towards the periphery, Table 12-22.
Table 12-22: Literature review of CT change towards the periphery. CCT (mean ± SD) is provided in µm and
the CT change in 2 to 8mm radial distances for the apex as mean increase in CT change (change in SD) in µm.
The slope at 6mm radial distance was derived from the values provided from the studies.

CCT
2mm
4mm
6mm
8mm
Slope(6mm)

Ref1

Ref2

Ref3

Ref4

Ref5

Ref6

Ref7

552±43.0

502

551±33.6

529±31.7

532±39.1

584±40

534±36

10.1 (+0.0)

-

6.7
(-2.5)

-

10.8
(+3.2)

-

-

39.8 (+0.6)

-

33.8
(-1.9)

36.6
(-0.1)

39.4
(+10.8)

-

-

90.1 (+2.7)

94
(+1.3)

82.0
(-1.0)

84.4 (+2.3)

54.1
(+10.7)

-

71.8
(+6.0)

168.3 (+5.1)

-

149.7
(+5.7)

145.3
(+8.3)

-

+117

-

12.1±1.01

15.7

13.7

14.1

9.0

14.6*

11.9

1 present study, 2 (Avitabile et al., 1997), 3 (Fares et al., 2012), 4 (Hashemi et al., 2016a), 5 (Hitzenberger et al., 1994),
6 (Jonuscheit and Doughty, 2009), 7 (Rufer et al., 2005a); * slope x=8mm

Thus, to understand the impact of CT on ocular biomechanics, it is necessary to consider the
actual geometrical profile of the cornea. The method of analysis proposed in this study allows
the assessment of the entire corneal thickness profile while considering interindividual
variation of tissue thickness progression.

12.4.2

Anterior scleral profile

The anterior scleral profile was assessed in eight different meridians using an AS-OCT and
included measurements of the limbal architecture and the scleral thickness up to 7mm distance
from the scleral spur.
12.4.2.1

Evaluation of the measurement procedure

AS-OCT images are known to be affected by optical and geometric distortion, although
literature on the magnitude of this affect is limited (Dunne et al., 2007).
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The present study demonstrated that geometrical distortion does occur during AS-OCT
imaging with the central position showing an error of 5.6% but the upper quadrants showing an
error of 2%. The geometric distortion observed was found to be dependent on the distance
between the AS-OCT device and eye: the larger the distance, the greater the distortion. Analysis
of the data showed that if images were taken at a normal working distance, and analysis was
limited to the upper two quadrants of the OCT image, then the effect of the distortion had no
significant impact on the images.
This is the first study to examine the effect of spatial location between AS-OCT device and eye,
on AS-OCT geometrical distortion. Dunne et al. (2007) analysed the accuracy of axial distances
and surface curvature of the Visante AS-OCT and reported peripheral flattening of the image
curvature of approximately +1mm for a transverse distance of ±6mm (Dunne et al., 2007). In
comparison, the resultant geometric distortion from the Tomey CASIA AS-OCT was much less.

By using one single image to obtain the level of reliability, it was possible to evaluate the error
induced by the interpretation of the image of the observer only. The intraobserver reliability for
measures of corneal-limbus thickness (CL-T), scleral-limbus thickness (SL-T), limbal length (LL)
and scleral thickness (ST) assessment were found to be excellent.
Meridional differences in reproducibility were observed. The oblique and vertical meridians
demonstrated the poorest reproducibility, which is likely to be due to variation relating to lid
coverage and unstable fixation in these directions of gaze. The LL variability was highest
between all measurements by observer 1. The identification of the beginning of the sclerallimbal area was least differentiable in the superior temporal and inferior temporal meridians.
The found level of reliability was equivalent to previous investigations (Bentley et al., 2005,
Buckhurst et al., 2015, Oliveira et al., 2006, Tello et al., 1994).
The level of reproducibility of the anterior scleral profile measurements was less than the
repeatability. Analysis of the reproducibility data showed, that observer 2 measured
consistently higher values than observer 1, which induced a proportional rather than a
systematic error. Post-hoc visual validation of the measurements showed, that the
interpretation of the episclera and Tenon's capsule differed between the two investigators. To
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decrease the impact of such errors, further training identifying ocular landmarks on OCT images
would increase the level of reproducibility.
12.4.2.2

Limbal architecture

Van Buskirk (1989) stated that the vertical and horizontal corneal diameter differs due to the
longer corneo-scleral regions along the vertical meridian suggesting that meridional
differences in limbal length have been observed previously (Van Buskirk, 1989). Despite this
assertion, the literature suggests that limbal length is approximately 1 to 2mm (Adler et al., 2011,
Van Buskirk, 1989, Bizheva et al., 2011, Li et al., 2011, Zheng and Xu, 2008, Feng and Simpson, 2005,
Greiner et al., 1979, Meyer, 1989, Newton and Meek, 1998).
In the present study, the limbal length differed significantly between meridians, (S > I, SN > ST,
IN > IT, T > N). Furthermore, when corneolimbus (CL-T) and sclerolimbus thickness (SL-T) were
considered, these also demonstrated significant meridional differences (CL-T: T > N, ST, IT > IN,
I, SN, S; SL-T: T > I, IT, IN, ST > N, S > SN).
Assessment of the literature concerning the limbal area shows ambiguity in the exact
anatomical points examined when measuring the length and thickness of the limbus (Martola
and Baum, 1968, Feng and Simpson, 2005). Martola and Baum (1968) found the corneoscleral
thickness was (660 ± 76)µm assessing using a slit-lamp while Feng and Simpson (2005) reported
values of (704.9 ± 31.9)µm using OCT. The total values found in the present study compare well
with those in literature, although it is likely that the values achieved by Martola and Baum (1968)
measured CL-T and those of Feng and Simpson (2005) assessed SL-T. Contrary to the present
study, Feng and Simpson (2005) did not find any statistically significant differences between the
nasal and temporal limbal thickness.
The differences between the meridians exceeded the introduced error by the observer and
corresponded to a strong effect. Thus, the study provides evidence that the anatomical limbus
varies across the cornea. This analysis method provides a novel and systematic way of
assessing the geometrical dimensions of the corneolimbus and sclerolimbus regions along
multiple meridians. The findings of meridional differences in limbal architecture are likely to be
of importance in ocular surgery and contact lens design.
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12.4.2.3

Anterior scleral thickness

Despite the large volume of literature on anterior segment imaging with AS-OCT, there is a
significant dearth of knowledge concerning the anterior scleral thickness, Table 12-1 (page 267)
and Figure 12-33 (Ebneter et al., 2015, Buckhurst et al., 2015, Schlatter et al., 2015, Read et al.,
2016a, Read et al., 2016b).

Figure 12-33: Scleral thickness in healthy human eyes in different meridians measured using AS-OCT
imaging. Values are given as mean and 95%CI a) meridional variation of ST and b) ST in different
distances from the scleral spur.

The most equivalent method measuring the regional variation of the anterior scleral thickness
was conducted by Buckhurst et al. (2015). The results from their study equate to the results of
this study at all meridians (Figure 12-33a) and distances (Figure 12-33b). However, other studies
demonstrate substantial differences. The highest discrepancy was found with the study
conducted by Read et al. (2016). Significant differences in measures of conjunctival thickness
that overlays the scleral section between the present work and Read et al. (251 ± 57)µm may
partly explain the discrepancies observed, Figure 12-7 page 261. Methodological differences
relating to variation in AS-OCT devices, protocol for identifying the scleral spur, and measuring
adjoining tissues (i.e. conjunctiva, Tenon's capsule and ciliary muscle) are all likely to affect the
measures of scleral thickness. Furthermore, the authors failed to provide any effect size or
statistical power, which makes comparison of results between studies even more challenging.
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The present findings demonstrated the interaction between distance and meridian to have a
significant effect on anterior scleral thickness, whereas the single effect of either distance or
meridian on scleral thickness was moderate or weak.

12.4.3

Ocular biometry distribution

Measures of ocular biometry included corneal topography, densitometry, corneal and anterior
scleral thickness, and geometrical dimensions of the limbus, anterior chamber characteristics,
axial distances and refractive error. The sagittal radii, densitometry, corneal thickness and ACV
were assessed in the corresponding NCT measurement zones. These assessments lead to a
comprehensive description of the ocular biometry individually for every eye and for the cohort
in total, Figure 12-34 and Table 12-23.

Figure 12-34: Statistical model of the ocular biometry of the sample population (n=113). For each measurement,
the mean and 95%CI error bar are provided. Corneal curvature was calculated using the average central radius
(rcentral) and ecc(30°). To estimate the curvature of the scleral anterior surface, the average axial length was used.

There is good concordance between the distribution profile of ocular biometry in the study
population with those observed in literature, Table 12-23 (Adler et al., 2011, Douthwaite et al.,
1999, Gudmundsdottir et al., 2000, Krachmer et al., 2004, Leighton and Tomlinson, 1972, Matsuda
et al., 1992, Phillips, 1952, Yasuda et al., 2003, Freegard, 1997, Doughty and Zaman, 2000, Knupp
et al., 2009, Ni Dhubhghaill et al., 2014, Rabsilber et al., 2006, Ambrosio et al., 2006, Douthwaite
and Spence, 1986, Dabasia et al., 2013, Buckhurst et al., 2015, Fares et al., 2012).
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Table 12-23: Overview of biometrical characteristics of the sample population showing the effects for
intereye comparison and demographic factors as well as different locations at the anterior surface also the
overall means and standard deviations are provided (n=113, 226 eyes).
Total

Eye side

Gender

Ethnicity

Age

Meridians

Zones

Topography
rflat (mm)

7.81 ± 0.285

-

-

-

-

Ø

Ø

rsteep (mm)

7.99 ± 0.274

-

-

-

-

Ø

Ø

ecc (30°)

0.55 ± 0.009

-

-

-

Ø

11.88 ± 0.413

OS > OD

-

-

¯
-

Ø

cDia (mm)

Ø

Ø

-

-

-

¯

Ø

Ø

-

-

-

-

N/T>S/I

P > PC

cAsti (D)

-0.8 ± 1.02
PC:7.93 ± 0.307
P:8.43 ± 0.382

SR (mm)

Densitometry (GSU)
Anterior

24.5 ± 4.00

-

-

-

-

Ø

> 6-10mm

Central

14.6 ± 1.69

-

-

-

-

Ø

< 0-2 Ç

Posterior

12.4 ± 1.37

-

-

-

-

Ø

< 10-12mm

Total

17.1 ± 5.86

-

-

-



Ø

Yes 3

Corneal thickness
1

CT (µm)
m1

(556.3 ± 41.6)

-

-

-

-

Ø

P > PC

3.1 ± 0.63

-

-

-

¯

Ø

Ø
Ø

Slope1

2.1 ± 0.311

-

-

-

¯

TP (mm)

7.6 ± 1.002

-

-

-



Ø
Ø

-

Ø

Ø

Slope2

2.8 ± 2.036

-

-

-

Ø

Anterior chamber characteristics
ACD (mm)
3

ACV (mm )

3.60 ± 0.277
2

-

-

-

¯

Ø

Ø

-



Ø

C > PC > P

¯

T>N>I>S

Ø

(25.5 ± 1.88)

-

-

ACA (°)

43.3 ± 8.82

-

S: F > M

LL (mm)

1.098 ± 0.2871

-

S/N: F < M

>C

-

S>I>T>N

Ø

CL-T (µm)

697 ± 84.9

-

-

-

-

T>N>I>S

Ø

SL-T (µm)

723 ± 86.7

-

-

-

-

T>I>N>S

Ø

ST (µm)

698 ± 95.0

-

-

-

-

I>N/T>S

Yes 4

LT (mm)

3.65 ± 0.266

-

-

-



Ø

Ø

AL (mm)

24.16 ± 1.316

-

-

-

-

Ø

Ø

M (D)

-1.35 ± 2.656

-

-

-

Ø

Ø

J0 (D)

0.06 ± 0.521

-

-

-

-

Ø

Ø

J45 (D)

0.04 ± 0.231

-

-

-

-

Ø

Ø

Anterior scleral profile

Axial length

Refractive error
-

Not assessed effects are shown as " Ø", non-significant effects are highlighted using "-", significant comparisons are
provided, sorted by magnitude; significant age related effects are presented by using "¯" for negative correlation and
vice versa. The magnitude of effect is provided by colour (Cohen's d or r): green represents a strong effect, orange
moderate, red marginal.
1

CCT; 2 Central; 3 0-2mm > 0-2 Ç 10-12mm < 2-6mm; 4 ; PC = Paracentral, P = Peripheral; I = Inferior, N = Nasal, S = Superior,
T = Temporal; F = Female, M = Male; C = Caucasian; Ø not applicable,  increase, ¯ decrease
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Within the sample population, most of the biometric parameters showed no significant
difference for intereye comparisons as well as between gender, ethnicity and age, Table 12-23.
The corneal diameter was found to be larger in the left eye by (0.06±0.178)mm, although the
difference was less than 0.5% of the total diameter and also, the spreads within the respective
eye side was larger than the actual intereye difference. Thus, the corneal diameter between left
and right eye can be classified as equivalent. Previous studies did not find any significant
differences between left and right corneal diameters (Augustin, 2007, Inagaki, 1986, Rufer et al.,
2005b). In healthy human adults, the intereye differences in regard to topography and corneal
thickness were - if discovered - only marginal but the literature is not consistent on finding those
differences (Adler et al., 2011, Krachmer et al., 2004, Fares et al., 2012, Matsuda et al., 1992,
Doughty and Zaman, 2000).
All parameters which were investigated meridionally and in various zones, revealed differences
between locations. These findings compare well with the literature (Adler et al., 2011, Krachmer
et al., 2004, Ni Dhubhghaill et al., 2014, Buckhurst et al., 2015, Fares et al., 2012, Liu et al., 2011b,
Narayanaswamy et al., 2010).
Based on the distribution of the ocular biometry a cluster analysis was conducted to group the
subjects in distinct biometric groups (Scott and Knott, 1974). Those groups are used for further
analyses of the ocular biomechanical properties in Chapter VI section 13 (page 314 et seq.).

12.4.4

Refractive error

During the study, the auto refractor needed to be changed for logistical reasons, therefore, a
concordance analysis between the WAM-5500 and the OPD Scan III was conducted in ten
healthy volunteers. A high level of accordance was found between the two devices providing
confidence in the results. The distribution of the refractive error found within the sample
population corresponds well with the literature (Vitale et al., 2008, Vitale et al., 2006, Shufelt et
al., 2005, Kuo et al., 2003, Kempen et al., 2004). Myopic and hyperopic subjects had highly
significant differences between the spherical equivalent but not between the cylindrical
components. Thus, subjects can be grouped according to their refractive error the spherical
error in myopic (negative MSE) and hyperopic (positive MSE) for further analyses.
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12.5 Conclusion
The data obtained in the present study provides an overview of the average distribution of
ocular biometry within a healthy adult population (UK). The large number of parameters
included in the analyses, established a profound data set for each subject, allowing crossreferences for further parts of the thesis, but also for further investigations.
This study provided and compared ocular biometrical data based on in vivo assessment and
grouped by age, gender, ethnicity and for intereye comparisons. Intereye variability was only
found for the corneal diameter. The results of the corneal eccentricity and astigmatism, corneal
thickness (CT), anterior chamber characteristics and lens thickness differed as a function of
age. Only the anterior chamber angle and limbal length (LL) significantly varied between
gender. Also, the LL was significantly smaller in Caucasian eyes compared to other ethnicities.
The sagittal radii and the anterior scleral profile were found to be strongly heterogeneous, for
both meridional and radial distances.
A novel approach to assess the intraindividual variability of CT showed that the peripheral
thickness was highly variable and revealed four different types of peripheral CT progression in
healthy human adults.
The study verified the relationship and differences between ocular biometrical data, and was
found to be in good concordance with the literature. The present dataset is valuable for future
work, as it contains only strictly controlled eyes on a multitude of biometric parameters in the
same eye based on gold-standard techniques and also novel methods. Thus, when assessing
a smaller number of subjects or a specific group, the data can then be directly compared with
each parameter and analyses in the present study, allowing other scientists to extract answers
for planning studies, without the need to establish a normal sample database.
The results and conclusions of the present study will be used for the analyses and interpretation
of the corneal biomechanical properties (Chapter VI section 13, page 314 et seq.). Hitherto, the
present investigation is the largest study to assess in vivo meridional and anterior-to-posterior
changes in anterior scleral thickness.
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What we knew:
1.

What we know now:

Topographic, densitometry, anterior chamber
and scleral thickness as well as axial distances
and refractive error distribution in healthy
human adults.

1.

2.
3.
4.
5.
6.

7.
8.
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A novel method to analyse corneal thickness
profile across the entire cornea considering the
actual thickness but also the changing
progression.
Geometrical distortion of AS-OCT images using
CASIA SS-1000 OCT.
A novel method to analyse the limbus
architecture using AS-OCT imaging.
Intra- and interobserver reliability of limbus and
scleral thickness measurements using AS-OCT
images.
Interdevice comparison between WAM-5500
and OPD-Scan III.
Normative database for ocular biometry in
healthy human adults (study with the largest
sample size in strictly controlled, not clinical
conditions).
Meridional and distance dependent differences
in topography, corneal thickness, anterior
chamber characteristics and scleral profile.
Effect size of significant effects of
demographics and intereye correlation on
ocular biometry.

Chapter VI
In vivo human eye study

Abstract
Purpose: This study aimed to investigate the corneal biomechanical properties of healthy
adults and to assess the intraindividual heterogeneity of each metric along with the association
to ocular biometrics and demographical factors.
Methods: An exploratory one-visit, prospective, cross-sectional and partly randomised study
was conducted, assessing healthy, human adults (n=113; 71% females; aged (24.5 ± 6.11) years).
The corneal air puff response was assessed using CST and ORA. In addition to the novel
parameters the conventional CST and ORA metrics were also examined. For CST and ORA
metrics as well as for the corneal biomechanical properties the effect of intereye variability,
demographic characteristics as well as regional and meridional variation were analysed.
Correlations within and between the metrics were evaluated. The relationship between the
ocular biometry results within the population and the corneal biomechanics was examined.
Statistical analyses included descriptive and inferential statistics as well as multiple regression
analyses.
Results: The central trends of the central corneal biomechanics were found by hysteresis (e^
8.8%, e|| 23.0%), damping (e^ 52.7%, e|| 527.6%), the dynamic E-Modulus (EDyn, e^ 52.3Pa, e||
61.6kPa), compressibility (e^ 210.0 Pa-1, e|| 198.0 kPa-1) and rigidity (e^ 213.3 N/m, e|| 150.1 kN/m)
and Poisons’ ratio (1.8k). It was found that the cornea demonstrated viscoelastic properties for
the longitudinal strain, whereas the lateral strain was found to oscillate during pressure
application.
Compressibility was found to be highly variable across the cornea, whereas EDyn as well as
rigidity showed only low levels of within-eye variability.
Demographical dependencies of corneal biomechanics but also of CST and ORA metrics could
not be confirmed although a trend towards age dependency was observed. The material
characteristics did not show high association with ocular biometrics. However, CST and ORA
metrics were strongly altered by the ocular architecture (multiple correlation coefficient: CST
A2(v) r=0.623, peak distance r=0.605, DAmax r=0.465; ORA: CH r=0.265, CRF r=0.480).
A model was developed for predicting ORA’s CH and CRF to 99, 98% respectively using ocular
architecture and the dynamic corneal response to an air puff as predictors.

- 312 -

Abstract
Conclusion: The cornea was found to show homogenous tendencies regarding its rigidity and
dynamic E-Modulus, whereas other material characteristics showed higher level of
intraindividual heterogeneity. The dynamic corneal response assessed by the CST and the ORA
metrics were found to be highly dependent on the ocular architecture. The novel methods of
assessing the response to the air puff provide a detailed description of corneal biomechanics
in vivo and should inform future corneal studies.
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13 In vivo corneal biomechanics of human eyes
13.1 Introduction
Currently, measures of intraocular pressures (IOP) are used as a significant predictor of
whether an eye is at risk of glaucomatous damage (Ramakrishan et al., 2013). A major limitation
of IOP measurements is that all tonometry techniques are affected by the biomechanical
properties of the anterior segment (Hamilton and Pye, 2008, Shields, 1980, Orssengo and Pye,
1999, Detorakis and Pallikaris, 2013). In particular, the biomechanical properties of the anterior
eye - such as hydration, elasticity, hysteresis and rigidity - have substantial and widely variable
influence on the measurement of the IOP. Furthermore, recent studies suggest that the
biomechanical properties of the anterior segment actually represent an intrinsic, stand-alone
value for predicting the risk of glaucoma (Ruisenor Vazquez et al., 2013, Bochmann et al., 2008,
Congdon et al., 2006, Luce, 2005b).
Until recently, technical limitations have restricted the ability to assess the biomechanical
properties of the eye in vivo. With the introduction of the Ocular Response Analyser (ORA) in
2005 and the CorvisST (CST) in 2012 it is now possible to obtain non-contact in vivo measures of
corneal biomechanics, according to the manufacturer (Chapter I section 3.3, page 55 et seq.).
Due to the lack of commercially available medical devices able to assess the biomechanical
behaviour of the whole ocular surface, most previous studies describe the biomechanics of the
anterior eye by measuring viscoelastic properties of the central cornea and/ or pre-determined
positions on the ocular surface (Chou et al., 2012, Kopito et al., 2011, Kynigopoulos et al., 2008,
Lau and Pye, 2011, Luce, 2005b, Mandalos et al., 2013, Noguera et al., 2007b, Sullivan-Mee et al.,
2009, Wang et al., 2013). Considering the fact that corneal stress is influenced by its anisotropic,
inhomogeneous, asymmetric characteristic, an assessment of the biomechanical properties at
only one specific position on the ocular surface may not describe the biomechanical properties
in vivo accurately (Dupps et al., 2007, Eilaghi et al., 2010a, Elsheikh et al., 2010a, Elsheikh et al.,
2013b, Hjortdal, 1996, Ethier et al., 2004). Recent ex vivo studies have suggested that the
biomechanical properties of the anterior ocular surface exhibit regional variations (Elsheikh et
al., 2010a, Elsheikh et al., 2013b). To understand the anterior segment biomechanical behaviour,
it is necessary to investigate the whole anterior ocular surface, including the limbal area. Several
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studies have also indicated that metrics such as corneal hysteresis, corneal resistance factor
and IOP are not adequate to describe the biomechanical properties (Chen et al., 2013, Macri et
al., 1958, Weber, 2008). Specifically the damping and the deflection behaviour (the vibration of
the affected area) seem to be more important than values derived from a single measurement
of the IOP at a specific location on the cornea, as provided by the ORA (Müller-Vogt, 2000).

13.2 Purpose
The association between the deformation behaviour caused by an air puff across various
regions of the cornea is poorly understood. Evaluation of the biomechanical characteristics
across the whole cornea is essential for the detection and treatment of corneal pathology.
Thus, the primary goal of this investigation was to describe corneal biomechanical properties
(Chapter III section 9,

page 169

et

seq.)

and

their

variation

across

the

cornea

(Chapter V section 11, page 229 et seq.) with the CST and ORA. Additionally, the relationship
between the biomechanical properties of the healthy human eye and various ocular and
demographic data were evaluated. To allow improved characterisation of the biomechanical
behaviour of the cornea, ocular characteristics such as corneal thickness, corneal and scleral
curvature, and refractive error were assessed in a wide range of subjects varying in age, gender
and ethnicity. Since significant intersubject variability in corneal biomechanics is known to exist
(Chapter I section 3.3, page 55 et seq.), special attention was given to the study design to
ensure only strictly controlled eyes on a multitude of biometric and biomechanical parameters
in the same eye. To accomplish the overarching aim of this study, the following aims and
hypotheses were evaluated:
Specific Aim: Test specific hypotheses about the association between ocular characteristics
and biomechanical behaviour of the human eyes.
×

Hypothesis 1: The biomechanical behaviour of the cornea differs across various corneal
regions.

×

Hypothesis 2: The biomechanical behaviour of the cornea is dependent on demographic
factors of the subject.

×

Hypothesis 3: The biomechanical behaviour of the cornea correlates with various ocular
biometric parameters.
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13.3 Methods
This exploratory study was a one-visit, prospective, cross-sectional and partly randomised
research project. In total 136 subjects were enrolled, 23 were excluded from the data analysis.
Thus, the study included 113 healthy subjects (226 eyes; 71% females and 29% males) aged
(24.5 ± 6.11) years (range 18.2 to 40.0 years).
The target population was described as the healthy UK population with diverse ethnic
backgrounds and physiological ocular variation. The principal investigator carried out the data
collection at the Peninsula Allied Health Centre, Plymouth University, Plymouth UK. Detailed
information about the recruitment process can be found in the Appendix A-13 (page A-36) The
study conformed to the ethical principles of the Declaration of Helsinki, ICH guidelines for Good
Clinical Practice and the Plymouth University’s Principles for Research Involving Human
Participants and was approved by the ethical committee at the 17/04/2014 (Appendix A-13,
page A-29). Data collection was conducted between the 20/04/2014 and 04/04/2016.
13.3.1

Inclusion criteria

Subjects were required to be between 18 and 40 years of age and have had a comprehensive
eye exam in the last two years. Contact lens wearers must have ceased wear for a minimum of
two days if wearing soft contact lenses and one week if wearing RGP lenses (DelMonte and Kim,
2011, Liesegang, 2002, Marfurt et al., 2010).
The primary aim of the study was to assess the biomechanical characteristics of the anterior
ocular surface (AOS) in healthy adults. The age group chosen allowed an initial assessment of
the AOS without the effects of age and disease. It was anticipated that the findings of
repeatable and reproducible metrics of AOS biomechanics will then be applied to eyes that are
at risk or diseased in future studies. Based on the physiological variation of the anatomy of the
eye demographic factors such as ethnicity and gender are also likely to be relevant. An
informed and written consent was required for participation in the study.
13.3.2

Exclusion criteria

Subjects were excluded if they had known hypersensitivity to any of the diagnostic tools used
in the study. The subject had to have adequate understanding of English to be able to
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comprehend the oral and written instructions. It was possible to withdraw participation in the
study at any time. The participant was not liable to give any reasons for withdrawing. If the
participant was withdrawn because of the decision of the investigator, the reasons must be
given in the screening form.
Exclusion criteria:
×

Pregnancy or breastfeeding during study period

×

Application of any eye drops within the last 48 hours

×

Application of medication within the last 30 days which influences the body water regulation
system (e.g. antidepressants, diuretics, corticosteroids, histamine-receptor antagonist,
immune-modulators)

×

Change of ocular therapy within the last 30 days

×

Permanent application of eye drops or ocular medication

×

On-going ocular treatment

×

Any kind of ocular pathology or history of refractive surgery

×

Any kind of systemic disease which affect collagen and the body water regulation system
(Marfan syndrome, osteogenesis imperfect, pseudoxanthoma elasticum, Ehlers-Danlos,
diabetes, rosacea, acne, cardiovascular disease, thyroid disease) (Baudouin, 2001,
Benusiene and Kucinskas, 2003, Gudmundsen et al., 1992, Logstrup et al., 1997, Mechanic,
1972, Stankiewicz and Mikita, 1998, Stern et al., 1998, Wang et al., 1996b)

×

Grade < 2 of the anterior chamber angle by means Pentacam HD measurements. Patients
with narrow angles (<20.0°) and small depths (<2.0mm) were excluded from the study
(Dabasia et al., 2013, Douthwaite and Spence, 1986, Smith, 1979).

Early termination of the study:
×

Drop-out due to active termination (decision made by the test person)

×

Drop-out due to decision made by the examiner (inadequate compliance, change in the
medical condition, as a result, the exclusion criterion is fulfilled)

×

Drop-out due to decision made by the supervisors

- 317 -

Chapter VI: In vivo human eye study
13.3.3

Sample size calculation

Sample size calculations were performed assuming correlation between metrical and ordinal
data, respectively. A minimal correlation coefficient of 0.3 was expected with alpha=0.05 and
beta=0.10 (90% power). A sample size of 113 was required. If considering potential dropouts, the
study aimed to recruit 120 subjects.
The study consisted of a non-random sample, all persons who were probable subjects and met
the inclusion criteria were enrolled. The sample was composed of different subgroups, which
were not predefined, except gender, ethnicity, smoker and contact lens wearer. All further
subgroups were defined by conducting cluster sampling based on the examination data
(Chapter V section 12.3.9, page 297 et seq.; Chapter VI section 13.4.5.3, page 342).
13.3.4

Examination methods

Calibration of the devices used was checked on the first day of each week when data was
collected (Appendix A-13, page A-30). For quality management, after the data collection the LOT
number, expiry date and amount used for each single unit of medication was recorded and
stored in the respective participant file (Appendix A-13, page A-31). Information sheet and
informed consent (Appendix A-13, page A-38 et seq. and page A-43) were provided before the
investigation, allowing the potential participant to address questions. After consent was given
the examination was conducted following a set protocol, Figure 13-1. The measurements were
recorded in the case report forms individually for each patient (Appendix A-13, page A-45 et
seq.).
13.3.4.1

Examination protocol

Starting sequence of tests conducted was allocated randomly as were the order of the eye
examined and corneal positions assessed with the CST and ORA. Randomisation was
conducted using Excel for Mac (Appendix A-13, page A-32 et seq.). The visit duration was
approximately 360 minutes for each participant. Detailed description of the examination
methods for ocular biometry and the methods for assessing regional variation of corneal
biomechanics as well as used kinematic and kinetic parameters can be found in the
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Chapter III section 9 (page 169 et seq.), Chapter V section 10 (page 229 et seq.) and section 11
(page 251 et seq.).

Figure 13-1: Scheme of procedure: the blue numbered elements are the basic stations, on the left the
scheduled duration in minutes per station is shown, on the right hand detailed examinations are listed, the
green boxes are the randomised orders.

13.3.4.2

Ocular dryness

Tear film quality and quantity were assessed to determine the study eligibility of the subject and
to evaluate the potential influences of ocular dryness on the CST and ORA metrics. In addition,
OSDI and McMonnies dry eye questionaires were used to evaluate the subjective symptoms of
ocular dryness (detailed information about the scoring can be found in Appendix A-13, page 49).
Subjects were categorised either as: asymtomatic, suffering from marginal dryness or dry eyes.
Tear meniscus height
The tear meniscus height (TMH) was examined using the K5M topographer by capturing an IR
picture of the anterior surface. The TMH was measured with a ruler, which is integrated in the
K5M software. The benefit, of using an IR imaging system, was that the stimulation of reflex
tearing was eliminated. A cut off value of 0.2mm has been established in the literature to
diagnose dry eye, (Farrell et al., 2003, Lemp et al., 2007). The TMH was measured at three different
locations along the lower eyelid:centrally as well as at 5mm distance from the center both
nasally and temporally.
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Non-Invasive Keratograph-break-up time
The non-invasive Keratograph-Break-Up time (NIKBUT) was measured using the K5M. The K5M
software automatically detects distortion and deformation of the lipid layer by analysing the
reflected Placido rings on the tear film. To analyse the lipid layer stability the average tear breakup time (AvgBUT) and time to first break up (FirstBUT) was used. Results were classified
according to Table 13-1.
Table 13-1: Classification by means of the NIKBUT (Wiedemann, 2011)
First BUT

AvgBUT

Stable lipid layer

≥ 10 sec

≥ 14 sec

Marginal unstable lipid layer

6 - 9 sec

7 - 13 sec

Unstable lipid layer

≤ 5 sec

≤ 7 sec

Redness
The level of conjunctival redness was determined by the K5M integrated software capturing a
colour photograph of the anterior surface and evaluating the conjunctival redness based on the
JENVIS Grading Scale (Oehring, 2013). The evaluation of the conjunctival redness was used to
decide whether a participant can be included or not. Subjects with conjunctival redness higher
than Grade 2 were excluded from the study.
Corneal and conjunctival staining
Corneal and conjunctival staining was assessed using green and white light imaging of the K5M
and graded in accordance to the JENVIS Grading Scale (Oehring, 2013). Any findings higher than
grade 2 were classified as pathological (Lemp et al., 2007). The conjunctival and corneal staining
were assessed in different regions according to a pre-defined scheme. During the
investigation, the subject underwent repeated NCT measurements (minimum 14 times per eye);
to ensure no harm was done, the anterior surface was assessed pre- and post-data collection.
13.3.5

Data processing

For assessing age differences the sample population was grouped according to their age. For
grouping, a bin width of 6 years was chosen, which resulted in four age groups (18 to 24, 24 to
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30, 30 to 36 and >36 years). Since, the group >36 years included only six subjects, those subjects
were amalgamated into the 30 to 36-year group.
In order to assess the within-subject consistency (same eye) of parameters the mean difference
between the positions was in reference to the overall mean for the cornea. The smaller the
overall within-subject variability, the lower the effect of regional variation. Hence a smaller
within-subject variability suggests greater homogeneity of the material property.

13.4 Results
The following Chapter includes descriptive and inference statistics of the corneal
biomechanical properties. Analyses which are not displayed in this Chapter can be found in the
Appendix A-13 (page A-55 et seq.). The distribution of the ocular biometry (Chapter V section 12,
page 251 et seq.) and the corneal positioning (Chapter V section 10, page 229 et seq.) were
used for the following analysis.
13.4.1

Enrolment process

In total 136 subjects were enrolled in the study. Twenty-three (16.9%) subjects were excluded
after enrolment, of these: four due to medical conditions (pregnancy 1, application of
medication 2, diagnosis of systemic disease 1) and 19 because of inadequate compliance
during the examinations. In total 113 subjects (both eyes) were included into the data analyses.
13.4.2

Demographic and health characteristics of the sample population

Table 13-2: Gender and self-reported ethnicity of the sample population (n=113).
Age is provided as mean and SD (years).

Female

n
Age

Male

n
Age

Total

n
Age

African

Chinese Asian

Caucasian

British South Asian

Total

2

-

54

24

80

19.8 ± 0.00

-

25.0 ± 6.54

21.5 ± 2.81

23.8 ± 5.78

1

3

18

11

33

18.5 ± 26.33

31.3 ± 7.47

28.3 ± 6.40

22.6 ± 5.17

26.3 ± 6.61

3

3

72

35

113

19.2 ± 0.90

28.4 ± 7.26

25.8 ± 6.61

21.8 ± 3.62

24.5 ± 6.11

The subjects were between 18 and 40 years old (18-24years: (20.4 ± 1.53) years n=64; 24-30years:
(28.4 ± 1.39) years n=29; >30years: (35.2 ± 2.50) years n=20). Majority of subjects included were
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female Caucasian and female British South Asian, Table 13-2. A detailed analysis of the sample
population can be found in the Appendix A-13 (page A-53).
13.4.3

CST metrics

Central IOP was (14.3 ± 2.69)mmHg (95%CI 13.8 to 14.8mmHg, range 8.5 to 23.0mmHg). Left and
right eye IOP was not significantly different:
×

Mean difference (OS-OD) = (-0.05 ± 2.015)mmHg (t(112)=0.247, p=0.806).

The dynamic response of the cornea due to the application of the air puff was evaluated by
means of three distinct phases during the CST measurement (Chapter I section 3.3.1.2, page 56
et seq.). Following the corneal response is described during the first applanation (A1), the
highest concavity (HC) and the second applanation (A2).
13.4.3.1

Central corneal deformation

The corneal applanation was significantly lower and slower at A1 than at A2 (p<0.001):
×

Deformation (DA; 0.131 ± 0.4022)mm and deflection amplitude (DlA; 0.095 ± 0.1143)mm

×

Deflection length (DL; 2.359 ± 2.493)mm and dArc length (dArcl; 0.006 ± 0.0476)mm.

The applanation length during A1 and A2 was not found to be significantly different (t(112)=1.864
p=0.064). HC differed significantly from A1 and A2 (p=0.000) for all CST metrics, Figure 13-2.
Strong significant correlations were found (p=0.000):
×

The earlier the cornea was applanated (A1), the later A2 (r=-0.792) occurred, and the larger
HC's amplitude of deformation (r=-0.745) and deflection (r=-0.775).

×

HC's amplitude of deflection and deformation were positively associated (r=0.831).

×

The larger the deflection amplitude at A1, the larger the deflection amplitude at A2 (r=0.809).

×

The larger the deflection amplitude at A1, the smaller the dArc length at A1 (r=-0.737).

×

The larger the deflection amplitude at HC, the faster the movement of the cornea at A2
(r=0.777).

No linear association (r=0.000) was found between time vs. deflection amplitude A1, dArc length
vs. applanation length A1 as well as at HC. An overview of all correlations between CST metrics
can be found in Appendix A-13 (Table A-13.14, page A-55).
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Figure 13-2: Relative frequency distribution (n=113, 226 eyes) of the central cornea CST metrics in comparison
between A1 (light blue), HC (red) and A2 (dark blue). Bin widths were calculated based on the distribution,
except for the time (bin widths 0.5ms). Differences are calculated by subtracting A2 from A1. Tukey's box plots
showing the differences of the respective metric between A1 and A2.

Table 13-3: Distribution of the CST metrics (n=113) at applanation point 1 and 2 and at highest concavity.
Values are provided as mean (SD); lengths and amplitudes are in mm except dArc length in µm. Significant
comparisons are highlighted in italic (df=112).

A1

HC

A2

Time
(ms)

Length

Velocity
(m/s)

Deformation
amplitude

Deflection
Amplitude

Deflection
length

dArc
length

OD

7.224
(0.2686)

1.851
(0.0506)

0.161
(0.0165)

0.133
(0.0199)

0.099
(0.0144)

2.333
(0.1452)

-17.9
(4.12)

OS

7.254
(0.2856)

1.881
(0.0548)

0.167
(0.0207)

0.130
(0.0155)

0.097
(0.0069)

2.400
(0.1506)

-17.8
(2.55)

OD

16.482
(0.6101)

-

-

1.098
(0.1057)

0.920
(0.1021)

6.379
(0.3472)

-137.8
(24.11)

OS

16.531
(0.4616)

-

-

1.098
(0.1078)

0.901
(0.0991)

6.310
(0.3567)

-130.1
(24.59)

OD

22.076
(0.4412)

1.835
(0.2556)

-0.355
(0.0598)

0.397
(0.0796)

0.118
(0.0342)

2.688
(0.5498)

-26.1
(7.29)

OS

22.055
(0.4126)

1.828
(0.2596)

-0.346
(0.0623)

0.408
(0.0646)

0.110
(0.0135)

2.346
(0.9522)

-22.0
(6.89)

A1: Length t=3.597 p=0.001, Velocity t=-3.089 p=0.003, Deflection amplitude t=-2.102 p=0.039 and length t=4.643 p=0.000; HC:
Deflection amplitude t=-2.029 p=0.046, dArc length t=3.766 p=0.000; A2: Deflection amplitude t=-2.349 p=0.021 and length t=3.372 p=0.001, dArc length t=5.121 p=0.000
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OD had a significantly larger deflection amplitude at A1, HC and A2. Analyses showed that at A1
the OD cornea moved significantly faster and had a longer applanation than A2. Furthermore,
OD deflection length was significantly shorter at A1 and significantly longer for A2; dArc length
was significantly longer at HC and A2, Table 13-3.
13.4.3.2

Regional variation

The deformation amplitude showed significant difference between meridians and corneal
zones in comparison to the corneal centre, Table 13-4 and Table 13-5 as well as Figure 13-3 and
Figure 13-4.
The maximum of the deformation amplitude at HC increased across the paracentral (PC) zone
(+1.2% ns) and decreased in the peripheral (P; -1.1% ns); during both applanation phases the
magnitude of A1 (PC +26.4%, P +82.4%) and A2 (PC +8.8%, P+22.8%) significantly increased across
the peripheral zones. Moreover, across the horizontal meridian the deformation amplitude for
HC significantly increased (+4.9%), whereas across the vertical meridian it significantly
decreased (-4.2%), Table 13-4 and Table 13-5. The deflection length also differed significantly
between the meridian and zones, but also showed a strong simple one-way effect for both,
meridian and zones. The deflection length increased towards the periphery:
×

A1:

PC -0.4%,

P +15.3%

×

HC:

PC +0.8%,

P +1.7%

×

A2:

PC +56.4%, P +98.0%.

In addition, the deflection length varied significantly between the horizontal and vertical
meridians:
×

A1:

H -5.0%,

V +11.9%

×

HC:

H -2.7%,

V +3.2%

×

A2:

H +54.2%,

V +85.5%.

In comparison to the central region, the deflection length decreased at A1 and HC nasally and
temporally, but increased for A2, whereas superiorly and inferiorly the deflection length
increased at all-time points, Table 13-4 and Table 13-5.
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Table 13-4: Regional variation of the CST metrics (n=113). Values are provided as mean (SD).
C

I-P

I-PC

N-P

N-PC

P-S

S-PC

T-P

T-PC

Deflection Amplitude (mm)
A1

0.098
(0.0113)

0.114
(0.0325)

0.103
(0.0207)

0.231
(0.2419)

0.125
(0.1009)

0.135
(0.032)

0.115
(0.0373)

0.290
(0.2427)

0.166
(0.1332)

HC

2.506
(0.7974)

3.049
(1.0079)

2.576
(0.6727)

2.311
(1.3359)

2.234
(1.1346)

4.008
(1.3679)

2.930
(0.8060)

3.155
(1.4784)

3.072
(1.3267)

A2

0.912
(0.0995)

0.849
(0.1038)

0.896
(0.0924)

0.866
(0.3564)

0.911
(0.1476)

0.859
(0.1345)

0.906
(0.1248)

0.914
(0.2958)

0.944
(0.1353)

Deformation Amplitude (mm)
A1

0.132
(0.0165)

0.150
(0.0372)

0.140
(0.0275)

0.297
(0.1840)

0.163
(0.1040)

0.170
(0.0408)

0.154
(0.0403)

0.348
(0.2339)

0.203
(0.1338)

HC

0.402
(0.0715)

0.357
(0.1088)

0.369
(0.1001)

0.53
(0.2433)

0.436
(0.1818)

0.419
(0.1075)

0.407
(0.0916)

0.651
(0.2626)

0.513
(0.1870)

A2

1.099
(0.1053)

1.009
(0.12)

1.069
(0.103)

1.125
(0.2346)

1.113
(0.1694)

1.024
(0.1515)

1.087
(0.1387)

1.196
(0.2527)

1.172
(0.1674)

dArc length (mm)
A1

-0.018
(0.0034)

-0.026
(0.0277)

-0.020
(0.0056)

-0.070
(0.2598)

-0.028
(0.0389)

-0.029
(0.0098)

-0.022
(0.0106)

-0.058
(0.0630)

-0.035
(0.0392)

HC

-0.024
(0.0076)

-0.021
(0.1710)

-0.023
(0.0113)

-0.033
(0.1217)

-0.008
(0.0458)

-0.041
(0.0253)

-0.027
(0.0160)

-0.04
(0.1548)

-0.034
(0.0712)

A2

-0.134
(0.0248)

-0.144
(0.0376)

-0.134
(0.0241)

0.019
(0.1886)

-0.098
(0.1673)

-0.161
(0.0324)

-0.150
(0.0301)

-0.002
(0.0778)

-0.108
(0.228)

Deflection length (mm)
A1

0.098
(0.0113)

0.114
(0.0325)

0.103
(0.0207)

0.231
(0.2419)

0.125
(0.1009)

0.135
(0.032)

0.115
(0.0373)

0.290
(0.2427)

0.166
(0.1332)

HC

0.114
(0.0273)

0.128
(0.0396)

0.114
(0.0249)

0.218
(0.3423)

0.145
(0.1656)

0.177
(0.0805)

0.136
(0.0488)

0.364
(0.8421)

0.205
(0.1879)

A2

0.912
(0.0995)

0.849
(0.1038)

0.896
(0.0924)

0.866
(0.3564)

0.911
(0.1476)

0.859
(0.1345)

0.906
(0.1248)

0.914
(0.2958)

0.944
(0.1353)

Applanation length (mm)
A1

1.865
(0.0559)

1.892
(0.077)

1.861
(0.0636)

1.856
(0.3482)

1.840
(0.0727)

1.932
(0.0674)

1.875
(0.0673)

1.840
(0.4477)

1.826
(0.0661)

A2

1.832
(0.2579)

1.849
(0.266)

1.816
(0.2506)

1.820
(0.4702)

1.794
(0.3121)

1.988
(0.2364)

1.920
(0.2239)

1.678
(0.4318)

1.806
(0.2772)

Time (ms)
A1

7.233
(0.2598)

7.462
(0.3444)

7.315
(0.2631)

7.881
(3.2393)

7.214
(0.2816)

7.886
(0.8497)

7.650
(0.6041)

7.493
(1.8038)

7.293
(0.2902)

HC

22.058
(0.4159)

21.616
(0.7701)

21.903
(0.3988)

21.693
(1.7727)

21.874
(1.1707)

21.470
(1.1722)

21.732
(0.8778)

21.543
(1.1227)

21.833
(0.9087)

A2

16.517
(0.5178)

16.217
(0.5334)

16.261
(0.5232)

16.519
(1.4792)

16.415
(0.6414)

16.378
(0.5485)

16.397
(0.4835)

16.699
(0.6779)

16.54
(0.6148)

Corneal velocity (m/s)
A1

0.165
(0.0181)

0.149
(0.0223)

0.160
(0.0189)

0.154
(0.049)

0.152
(0.0166)

0.136
(0.0323)

0.145
(0.0292)

0.162
(0.0463)

0.152
(0.0172)

A2

-0.351
(0.0615)

-0.340
(0.0633)

-0.349
(0.0631)

-0.309
(0.1418)

-0.346
(0.0851)

-0.329
(0.0921)

-0.357
(0.0841)

-0.299
(0.1373)

-0.339
(0.0737)

PD

5.084
(0.2482)

4.974
(0.3172)

5.047
(0.2406)

6.062
(0.4371)

5.199
(0.4397)

5.034
(0.3967)

5.042
(0.3687)

6.001
(0.4384)

5.138
(0.4713)
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The strongest two-way interaction, but also single one-way interaction between meridian and
zone was found for the maximum peak distance (PD). Towards the periphery, the peak distance
increased within the horizontal meridians (PC +1.4%, P +9.8%) but decreased within the vertical
meridians (PC -0.6%, P -1.5%), Table 13-4 and Table 13-5.
Table 13-5: Effect of the different positions on the cornea (meridional: I, N, S, T; zone: C, PC, P). p-Values and
effect sizes derived from RM two-way ANOVA. Strong effects highlighted, only significant effects provided.
Meridian
Time

Length

Velocity

Deformation
amplitude

Deflection
Amplitude

Deflection
length

dArc length

Peak distance

2

Zone

Meridians & Zone

A1

p=0.016 / h =0.036

-

p=0.006 / h2=0.045

HC

p=0.015 / h2=0.035

-

p=0.013 / h2=0.036

A2

p=0.000 / h2=0.064

-

p=0.020 / h2=0.031

A1

-

p=0.021 / h2=0.043

p=0.020 / h2=0.032

A2

-

p=0.000 / h2=0.152

p=0.001 / h2=0.094

A1

p=0.006 / h2=0.041

p=0.000 / h2=0.182

p=0.000 / h2=0.191

A2

p=0.000 / h2=0.142

p=0.000 / h2=0.155

-

A1

p=0.000 / h2=0.283

p=0.000 / h2=0.534

p=0.000 / h2=0.200

HC

p=0.000 / h2=0.074

p=0.000 / h2=0.200

p=0.000 / h2=0.107

A2

p=0.000 / h2=0.264

p=0.000 / h2=0.471

p=0.000 / h2=0.213

A1

p=0.000 / h2=0.236

p=0.000 / h2=0.444

p=0.000 / h2=0.145

HC

p=0.004 / h2=0.042

-

-

A2

p=0.003 / h2=0.066

p=0.000 / h2=0.115

p=0.046 / h2=0.031

A1

p=0.035 / h2=0.233

p=0.017 / h2=0.346

-

HC

-

p=0.008 / h2=0.402

p=0.001 / h2=0.335

A2

p=0.028 / h2=0.386

-

p=0.002 / h2=0.509

A1

p=0.024 / h2=0.040

p=0.001 / h2=0.091

-

HC

p=0.000 / h2=0.281

p=0.000 / h2=0.484

p=0.000 / h2=0.163

A2

-

-

-

p=0.000 / h2=0.799

p=0.000 / h2=0.618

p=0.000 / h2=0.615

Intereye comparison showed no significant three-way, two-way or single effect between eye
side, meridian and zone for the CST metrics (p>0.050, h2<0.050), except for the deflection length
at A1:
×

OD showed a significantly shorter length nasally and longer temporally (F(2.617,
31.401)=4.861 p=0.009 f=0.310; N F(1)=15.097 p=0.000; T F(1)=10.759 p=0.001).
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Figure 13-3: Standardised CST corneal deformation parameter centrally, paracentrally and peripherally
for A1, HC and A2.

Figure 13-4: Regional distribution (mean and 95%CI error bands) of the deformation amplitude (a), deflection
length (b) and the peak distance (c) for the central zone (green band), paracentral (red area) and the peripheral
(blue area). The deformation amplitude and deflection length is provided at A1 (light blue ring), HC (red ring)
and A2 (dark blue ring).
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13.4.3.3

Association with demographical characteristics and ocular biometry

No significant effect of gender, meridian and zone was found on the regional CST metrics.
Whereas, age and ethnicity significantly impacted the distribution of the corneal deformation.
A2 was affected by age and ethnicity, but not A1 or HC. The analysis showed that the older the
subject, the shorter the deformation amplitude inferiorly and the faster the corneal velocity
centrally for A2:
×

DA: F(11.015, 216.603)=2.384 p=0.008 f=0.091; Inferior: F(3)=10.386 p=0.000, age vs. I: r=-0.184
p=0.013

×

A2 velocity: F(4, 95)=3.593 p=0.009 f=0.131; central: F(2)=11.514 p=0.000, age vs. I: r=-0.181
p=0.016.

In Caucasian eyes the deflection length nasally was significantly 23% shorter than in British
South Asian eyes (F(3, 6)=5.633 p=0.007 f=1.094; central: F(3)=3.149 p=0.000).
A moderate or strong significant correlation (|r|>0.25 p<0.010) was observed between CST
metrics and ocular biometrics (corneal radii, volume, diameter and densitometry, anterior
chamber volume, corneal thickness and Slope1, corneal-limbus thickness (C-LT), scleral-limbus
thickness (S-LT), scleral thickness, axial length, lens thickness and refractive error components
(MSE, J0 and J45) (detailed description of the parameters can be found in Chapter V section 12,
page 251 et seq.). Due to the strong association between corneal volume, MSE and corneal
astigmatism and other ocular biometric characteristics (Chapter V section 12.3.8, page 295),
these parameters were excluded from the multiple regression analysis.
Stepwise multiple regression analyses showed that the CST metrics variability for the central,
paracentral and peripheral cornea could be explained by ocular biometry, Table 13-6. Ocular
biometry was found to be better predictor for central than for paracentral or peripheral
measurements.
The variability for the time of A1(t) was accounted for by the turning point (TP) (50%) and by lens
thickness (10%) centrally. Paracentrally, A1(t) could not be predicted significantly by using
ocular biometry; but peripherally, posterior corneal densitometry between 10 to 12mm distance
from the apex contributed to 77% to the variation of A1(t).
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Ocular biometry explained 65.8% and 74.4% of variability for measures of time to HC for the
paracentral and peripheral regions, respectively. For the paracentral measurement, Slope1 and
SL-T had the highest effect on HC time by 61% and 22% respectively. Peripherally, the impact on
the HC time of Slope1 increased and of SL-T decreased to 77% and 7%, respectively.
Table 13-6: Stepwise multiple regression analysis on the CST metrics to analyse the association to ocular
biometry (n=113). Significant models with a moderate to strong overall effect size (R2>0.25), Durban-Watson
= (2±0.2) and with weak or no collinearity (Tolerance>0.1, VIF<10) are provided. Equation components are
ordered by their standardised beta.
Units of the included parameter are in accordance to Chapter V section 12, page 251 et seq.
adj. R2

Model

p
Central deformation

Time

A1

0.475

= 6.540 +0.004TP - 0.486LT

F(2, 112)=41.755 p=0.000

A2

0.414

= 22.929 - 0.066AL + 0.534LT + 0.505LL

F(5, 112)=13.691 p=0.000

Length

A1

0.394

= 1.225 + 0.011Dens + 0.068SR - 0.014TP

F(3, 112)=14.825 p=0.000

Velocity

A1

0.416

= 0.341 + 0.030LT + 0.011J0 - 0.019rflat

F(4, 112)=17.014 p=0.000

A2

0.407

= -0.544 + 0.022ACV (C) - 0.102LT

F(2, 112)=31.873 p=0.000

Deformation
amplitude

HC

0.479

= 1.168 - 0.001CCT +0.142LT - 0.006MSE

F(2, 112)=30.132 p=0.000

Deflection
Amplitude

HC

0.532

= 0.823 + 0.152LT + 0.039J0 - 0.005MSE

F(5, 112)=21.487 p=0.000

A2

0.377

= 0.192 - 0.006Dens (Posterior) - 0.012rflat 0.004ACV (PC)

F(8, 112)=7.794 p=0.000

Deflection
length

A1

0.350

= 2.510 + 0.002CCT - 0.089cdia

F(2, 112)=25.223 p=0.000

HC

0.265

= 5.635 - 0.050CV + 0.043Dens (6-10mm) +
0.318LT

F(4, 112)=9.106 p=0.000

dArc length

HC

0.273

= -0.363 + 0.113rflat - 0.102SR (PC) - 0.003Dens
(6-10mm) + 0.016cdia

F(4, 112)=9.456 p=0.000

0.589

= 4.821 - 0.090ACV (C) + 0.391LT + 0.002ST
(1mm) +0.124J0 + 0.018Dens (C)

F(6, 112)=22.508 p=0.000

Peak distance

Paracentral deformation (normalised)
Time

HC

0.658

= 4.206Slope1 - -0.018SL-T - 0.371Dens (610mm) + 0.342AL - 0.010ST (5mm) + 1.267ACV
(P) + 1.204rsteep

F(9, 112)=17.910 p=0.000

Length

A1

0.303

= -1.372 + 0.050Dens (Posterior) + 0.002ST 0.001ST (6mm)

F(3, 112)=13.630 p=0.000

Velocity

A1

0.274

= -0.037 + 0.009Dens (0-2mm) + 0.077LL 0.012Dens

F(3, 112)=11.820 p=0.000

Peripheral deformation (normalised)
Time

A1

0.323

= 0.047Dens (Posterior) + 0.032Dens (1012mm) + 0.067J0 - 0.005m2

F(4, 112)=11.161 p=0.000

HC

0.744

= 4.666Slope1 - 0.010SL-T + 1.706rsteep 0.168Dens (6-10mm) + 1.437ACV (P) - 0.009CT
(P)

F(6, 112)=29.095 p=0.000

Velocity

A1

0.272

-0.449 + 0.026Dens (Posterior) - 0.072J0 +
0.128J45 + 0.181LL

F(4, 112)=9.028 p=0.000

Deformation
amplitude

A1

0.474

= 2.122 -0.043Dens (C) + 0.041Dens (Anterior)
- 0.064Dens (2-6mm) - 0.184Slope1 - 0.033AL

F(5, 112)=16.300 p=0.000
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13.4.3.4

Comparison between sample clusters

dArc length

Deflection
length

Deflection
amplitude

Deformation
amplitude

Velocity

Length

Time

Table 13-7: Comparison between biometry groups within each measurement zone for the CST deformation
metrics. p-Values derived from one-way ANOVA. Significant results are highlighted bold. Details of specific
cluster group differences are also report for all significant differences.

PD

C

N-P

N-PC

T-P

T-PC

S-P

S-PC

I-PC

I-P

A1

0.005
1>2

0.410

0.061

0.004
3>2

0.922

0.486

0.585

0.029
1>2

0.078

HC

0.134

0.602

0.314

0.516

0.139

0.008
3>2

0.300

0.069

0.087

A2

0.220

0.376

0.843

0.368

0.505

0.791

0.715

0.314

0.072

A1

0.024
2>1

0.870

0.023
1>3

0.007
1>3

0.426

0.261

0.085

0.013
1>3

0.111

A2

0.740

0.968

0.465

0.639

0.098

0.790

0.448

0.776

0.113

A1

.575

0.639

0.925

0.517

0.680

0.645

0.857

0.382

0.231

A2

0.013
|2|>|1|

0.649

0.112

0.127

0.626

0.411

0.298

0.092

0.327

A1

0.503

0.045
3>1

0.122

0.676

0.219

0.222

0.376

0.804

0.762

HC

0.010
2>1

0.130

0.864

0.214

0.312

0.289

0.964

0.007
2&3>1

0.028
2&3>1

A2

0.285

0.561

0.127

0.556

0.448

0.851

0.425

0.356

0.148

A1

0.233

0.018
3>2

0.268

0.718

0.344

0.262

0.413

0.725

0.890

HC

0.000
2>1

0.234

0.335

0.212

0.547

0.314

0.691

0.005
2&3>1

0.037
2>1

A2

0.767

0.134

0.587

0.460

0.576

0.695

0.539

0.521

0.318

A1

0.009
3>2

0.016
1>3

0.992

0.773

0.586

0.126

0.483

0.939

0.507

HC

0.000
2>1&3

0.540

0.006
2>1

0.480

0.070

0.404

0.118

0.000
2&3>1

0.358

A2

0.207

0.167

0.884

0.286

0.713

0.313

0.250

0.886

0.532

A1

0.004
3>2

0.443

0.500

0.777

0.955

0.086

0.108

0.117

0.347

HC

0.009
3>1

0.832

0.328

0.315

0.101

0.009
3>1

0.201

0.000
3>1&2

0.124

A2

0.086

0.535

0.393

0.466

0.053

0.001
3&2>1

0.489

0.264

0.077

0.000
2>1&3

0.953

0.003
2>1&3

0.039
2>1

0.003
2&3>1

0.058

0.262

0.000
2>1&3

0.012

PD=Peak distance; 1=Cluster group 1, 2=Cluster group 2, 3=Cluster group 3

Other than velocity at A1 and velocity and dArc length at A2 all comparisons between the
biometric groups showed significant differences for CST metrics (descriptive analysis
Appendix A-13: Table A-13.15 [page A-56] and Table A-13.16 [page A-57]). In regard to the
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corneal zones and meridians, the central zone showed the largest number of significant
differences (10 out of 20 comparisons) followed by I-PC (7 of 20). PC-S showed no significant
differences. Table 13-7.
Biometric group (1) showed the following biometric characteristics (Table 12-21, page 299):
×

Thinnest corneal and scleral thickness profile,

×

Longest limbal length (LL),

×

Smallest anterior chamber characteristics,

×

More positive refractive error and thickest lens.

Cluster analysis showed this group to have a longer time to reach A1 with a shorter length and
a shallower corneal deformation depth at all three-time points compared to the other groups,
Table 13-7.
The group (2) demonstrated the flattest corneal radii and was found to reach A1 earlier, followed
by an overall deeper deformation depth and be faster at A2. Also, the peak distance was
significantly wider paracentrally, except for superior regions, Table 13-7.
Biometric groups (3) showed the following biometric characteristics (Table 12-21, page 299):
×

Thickest corneal and scleral thickness profile,

×

Steepest corneal radii,

×

Myopic refractive error and thinnest lens.

This biometric group showed longer applanation length at A1 paracentrally, except for the
superior region. Group (3) also showed the highest arc length change at A1 and HC, Table 13-7.
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13.4.4

ORA metrics

Central IOPg was (14.6 ± 3.27)mmHg (95%CI 14.2 to 15.1mmHg, range 8.1 to 23.8.0mmHg) and
IOPcc was (14.3 ± 3.20)mmHg (95%CI 13.9 to 14.8mmHg, range 7.3 to 24.6mmHg). No significant
difference was found between IOPg and IOPcc (t(112)=1.251 p=0.121).
Intereye comparison was not significant:
×

IOPg:

mean difference (OS-OD)=(-0.35 ± 3.430)mmHg, t(112)=0.899 p=0.371;

×

IOPcc:

mean difference (OS-OD)=(0.03 ± 3.736)mmHg, t(112)=0.068 p=0.945).

The ORA evaluates the dynamic response of the cornea due to the application of the air puff by
means of the CH, CRF, WFS and APLHF (Chapter I section 3.3.2, page 60 et seq.), Table 13-8a.
13.4.4.1

Central corneal deformation

No significant differences were observed between OD and OS for ORA metrics, Table 13-8. WFS
did not significantly correlate with other ORA metrics, except to APLHF. Strong correlations
were observed between CRF, CH and IOP:
×

Higher measures of CRF corresponded to an enlargement in CH (r=0.852 p=0.000). If CRF
increased by 0.8mmHg, CH rose by 1.0mmHg (R2=0.726, CH=0.794CRF + 2.617), Figure 13-5b.

×

Higher measures of CRF were associated with increased IOPg (r=0.613 p=0.000). If CRF
increased by 1.1mmHg, IOPg was elevated by 1.0mmHg (R2=0.376, IOPg=1.078CRF + 0.110),
Figure 13-5b.

×

With increasing CH, the IOPcc reduced (r=-0.488 p=0.000). If CH rose by 0.9mmHg, IOPcc
decreased by 1.0mmHg (R2=0.238, IOPcc=-0.901CH + 24.470), Figure 13-5c.

×

With increasing APLHF, the CH (r=-0.279 p=0.000) and WFS (r=-0.412 p=0.000) decreased but
the IOP increased (p=0.000; IOPg r=0.409, IOPcc r=0.280), Figure 13-5d.

Table 13-8: Distribution of the ORA metrics (n=113). Values are provided as mean (SD).
CH (mmHg)

CRF (mmHg)

APLHF

WFS

OD

11.3 ± 1.68

10.9 ± 1.75

1.2 ± 0.35

6.3 ± 1.71

OS

11.2 ± 1.79

10.8 ± 1.97

1.3 ± 0.35

6.0 ± 1.82

Total

11.3 ± 1.73

10.9 ± 1.86

1.2 ± 0.35

6.2 ± 1.76
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Figure 13-5: Distribution of the central ORA metrics (n=113, 226 eyes): a) Relative frequency distribution of the
central cornea ORA metrics in comparison. Bin widths were calculated based on the distribution. Central
tendency is provided as mean (SD). b to c) Scatter plots showing the association between the ORA metrics: b)
CRF correlated strongly with IOPg and CH. No association was found between CRF and WFS. c) The higher the
IOPcc the smaller CH. Between CH and WFS no significant correlation was found. d) APLHF was significantly
associated with CH, WFS, IOPg and IOPcc.

13.4.4.2

Regional variation

The dectected IR intensity superiorly at P1 and P2 was found to be significantly smaller. The time
when the resprective maximum occured differed not significantly between the corneal regions,
Table 13-9, Figure 13-6, Figure 13-7.
Table 13-9: Distribution of the IR intensity maxima detected during OCT measurments (n=113).
Values are provided as mean (SD).
C

T

N

S

I

IR intensity
P1

627 ± 152.4

688 ± 147.8

706 ± 156.4

595 ± 157.4

667 ± 138.5

P2

534 ± 127.3

566 ± 135.3

571 ± 135.7

500 ± 146.5

562 ± 126.2

Time (frame)
P1

511 ± 12.0

512 ± 9.5

511 ± 6.2

518 ± 11.1

512 ± 7.2

P2

657 ± 16.7

657 ± 12.2

655 ± 3.8

657 ± 12.3

655 ± 3.4

Intensity: P1: F(4, 26×103)=15.712 p=0.000, Post-Hoc: S < C, I < N, T (p<0.001); P2: F(4, 18×103)=8.942 p=0.000, Post-Hoc: S < C,
N, I, T (p<0.001);
Time:P1: F(4, 528)=0.467, p=0.878;P2: F(4, 1465)=0.467p=0.738
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Figure 13-6: Distriubtion (n=113; mean and 95%CI error bars) of the a) IR intensity
and b) time of the first and second IR maximum during ORA measurments
(equivalent to A1 [orange] and A2 [red]) at the different corneal regions. The grey
bands represent the 95% CI of the central value.

Figure 13-7: Regional variation (n=113; mean and 95%CI error bands) of the time domain ORA signals
(IR red, pressure green) for the normalised peripheral zones. The vertical red dotted line rep
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No significant effect was observed for intereye comparisons and meridian on the ORA metrics
(p>0.050, h2<0.050). The peripheral corneal deformation characteristics were found to be
significantly different to the central values, except CH C vs. I, CRF in C vs. N and APLHF C vs. T
and I (p>0.050), Table 13-10, Figure 13-8 and Figure 13-9.
Table 13-10: Distribution of the ORA metrics (n=113). Values are provided as mean (SD).

CH

a

CRF

b

APLHF
WFS

c

d

C

N

T

S

I

11.2 ± 1.73

11.1 ± 1.97

11.6 ± 1.98

12.5 ± 2.28

11.2 ± 1.65

10.9 ± 1.86

11.0 ± 2.05

11.3 ± 1.99

13.1 ± 2.53

11.3 ± 2.07

1.2 ± 0.35

1.4 ± 0.39

1.2 ± 0.32

1.5 ± 0.50

1.2 ± 0.38

6.2 ± 1.76

6.7 ± 1.97

6.6 ± 1.75

5.6 ± 2.02

6.5 ± 1.80

a) F(2.795, 430.507)=26.725 p=0.000 f=0.150; Post-hoc: C-I p=0.118, N-I p=0.118, rest comparisons p=0.000
b) F(2.653, 408.545)=67.836 p=0.000 f=0.321; Post-hoc: C-N p=0.157,T-I p=0.156, rest comparisons p=0.000
c) F(2.795, 430.507)=26.725 p=0.000 f=0.148; Post-hoc: C-T p=0.197, C-I p=0.251, T-I p=0.251, rest comparisons p=0.000
d) F(2.997, 461.486)=13.122 p=0.000 f=0.079; Post-hoc: N-T p=0.349, N-I p=0.258, T-I p=0.276, rest comparisons p=0.000

The superior region showed the largest difference in ORA values:
×

11.2% increase in CH,

×

20.6% increase in CRF,

×

21.2% increase APLHF and

×

-9.6% decrease in WFS.

Also, the samples spread was found to be significantly higher superiorly than centrally (CH
F=1.726, CRF F=1.853, APLHF F=2.107), except for WFS (F=1.308).
Overall, APLHF showed the highest difference of 8.5%, followed by WFS 7.7% and 7.4%; CH
(4.2%) showed the least difference between central and peripheral measurement. Significant
differences were found between the meridians, except for CH N vs. I, CRF T vs. I and APLHF T
vs. I and WFS N vs. T and I and T vs. I (p>0.050).
In regards to meridional variation APLHF was found to vary by 12.1%, followed by CRF 9.3%, WFS
8.9%; highest meridional consistency was exhibited by CH at 6.8%, Table 13-10, Figure 13-8 and
Figure 13-9.
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Figure 13-8: Regional variation (n=113; mean and 95%CI error bands) of the CH (a), CRF (b), APLHF (c)
and WFS (d) for the central (green band) and the peripheral zone (blue area).

Figure 13-9: Relative frequency of the change from central to peripheral values for the ORA metrics: a)
the average change, b) separated for each region. Light grey bars include the numbers of cases with
higher values in comparison to the central value for the respective parameter, dark grey bars with
smaller values and moderate grey for cases in which no changes occurred.
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13.4.4.3

Association with demographical characteristics and ocular biometry

No significant effect of age, gender or meridian was found on the ORA metrics. Whereas,
gender did significantly impact on the distribution of CH. In all meridians - except nasally females showed higher CH than males (F(4, 512)=3.828 p=0.004 f=0.029):
×

Nasal: p=0.004 d=0.94mmHg,

Temporal: p=0.009 d=0.99mmHg,

×

Superior p=0.007 d=1.17mmHg,

Inferior: p=0.043 d=0.57mmHg.

Moderate to strong significant correlations with ORA metrics were found to corneal radius,
scleral and corneal thickness, limbus architecture, densitometry, anterior chamber volume,
axial length, lens thickness and refractive error (MSE, J0 and J45). Parameter for stepwise
multiple regression were chosen based on the linearity between ORA metrics and ocular
biometry (Table 13-11; Appendix A-13, Table A-13.17 [page A-59] to Table A-13.20 [page A-62]),
all other parameters were excluded.
Table 13-11: Multiple regression analysis on the ORA metrics to analyse the association to ocular biometry
(n=113). Significant models with a moderate to strong overall effect size (R2>0.25), Durban Watson = (2±0.2)
and with weak or no collinearity (Tolerance>0.1, VIF<10) are provided. Equation components are ordered by
their standardised beta.
adj. R2

Model

p
Central deformation

CH

0.205

=0.026CT (PC) - 0.731ACV (PC)

F(2, 112)=9.142 p=0.000

CRF

0.391

=17.272 - 0.039CCT - 5.459LT - 0.767ACV (PC)

F(3, 112)=11.132 p=0.000

WFS

0.381

=-46.396 + 0.323CV - 0.261m2 +4.646rsteep - 0.355Dens
(Posterior)

F(4, 112)=8.544 p=0.000

Peripheral deformation (normalised)
CH

0.705

= 1.478 - 0.4246cAsti + 1.485Slope1 - 0.2901Slope2 + 2.210LL
- 0.512CH(C)

F(4, 112)=4.668 p=0.036

CRF

0.516

=-0.353CRF(C) + 0.007CCT + 0.314m1 - 0.160Slope2

F(3, 112)=3.145 p=0.001

13.4.4.4

Comparison between sample clusters

The comparison between the biometry groups showed no significant difference for CH, CRF
and WFS (p>0.050). APLHF was found to be significantly higher in group(1) compared to group(3)
(F(6.798, 523.455)=9.349 p=0.000 h2=f=0.017, Post-Hoc group(1) vs. group(3) p=0.044 d=0.12).
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13.4.5

Novel corneal biomechanical properties

The novel parameters for characterising the corneal biomechanics (Chapter III section 9,
page 169 et seq.) were based on the corneal deflection raw-data derived with CST and included
the kinematic and kinetic characteristics.
13.4.5.1

Central kinematic characteristics

The central kinematic corneal characterisitcs include the deflection amplitude (DlA), dArc
length of the neutral plane (dAL-NP), the corneal thickness change (CT change) and the
displaced corneal volume (DDV) evaluated during an air puff measurement.
Table 13-12: Distribution of the central kinematics (n=113) Values are provided as mean ± SD.
Maximum
DlA

dALNP

DDV

Distribution

Time

Distribution

(877 ± 107.0)µm

95%CI: 859 to 894µm,
skewness -0.057,
kurtosis -0.234)

15.937ms
(IQR 0.690ms)

not nd
modal 16.163ms
skewness -0.854
kurtosis 0.779

(1754 ± 212.9)µm

95%CI: 1720 to 1789µm
skewness -0.068
kurtosis -0.297

15.830ms
(IQR 0.920ms

not nd
modal 15.932ms
skewness -0.834
kurtosis 0.801

95%CI: 390.7 to 411.8µm
skewness 0.226
kurtosis -0.068

15.770ms
(IQR 0.920ms

not nd
modal 16.163ms
skewness -0.573
kurtosis 0.251

3

(401.2 ± 65.39)µm

DlA = Deflection amplitude, dAL-NP= arc length change of the neutral plane (derived from Lcd), DDV= Displaced corneal
volume (discrete), nd=normally distributed

Figure 13-10: Frequency distribution (n=113, 226 eyes, histogram and Tukey's box plots)
of the maximums central corneal kinematic characteristics in comparison between
neutral plane's delta arc length (dAL-NP, green), DlA (red), discrete displacement volume
(DDV, torques) and corneal thickness change (CTc, orange). Bin widths were calculated
based on the distribution.
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The maximum CT change was not normally distributed (p=0.000, skewness 1.955, kurtosis 4.867),
Figure 13-10a and Figure 13-11a. A Box-Cox transformation with the power determined the most
adequate transformation to allow CT change into a normal distribution. The transformation had
the form E 13-1 (shift l = 0.0). The transformed CT change was normally distributed (p=0.837,
skewness 0.921 kurtosis 0.503), Figure 13-11b. For further analysis when normal distribution was
required, the transformed value was used.
𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎′ = 1 +

𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎u[.Z¥
−1.39 ∙ 56.8u[.ZV

E 13-1

Figure 13-11: Relative frequency distribution (n=113, 226 eyes) of the maximums
(a) CTchange and (b) CTchange(Trans).

The average maximum CT change was (52.3 ± 63.56)µm (CT change’ 0.1566 ± 0.4714), ranging
between 34.8 to 154.7µm. The maximum occurred on average at 12.520ms (IQR 7.157ms, not
normally distributed p=0.000, modal 16.163ms, skewness 0.474, kurtosis -0.728) but was found to
show high variability of 31.9% (ranged between 8.543 to 22.860ms).

Figure 13-12: Linear regression analysis (n=113, 226 eyes) between the maximums of the (a) DlA and DDV
over dAL-NP and (b) dAL-NP, DlA and DDV over the CTchange(Trans). Slopes are provided as CT change
(µm).
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No significant correlation (|r|<0.1 p>0.050) was identified between time and magnitude of the
maximum value for all parameters. Strong significant correlation was found between
between the following (p=0.000) :
×

With increasing dAL-NP, both the DlA (r=0.996) and the magnitude of DDV (DlA: r=0.953)
increased. When the dAL-NP changed by +1µm, DA and DDV altered by 0.5µm and 0.3µm,
respectively Figure 13-12a.

×

With increasing dAL-NP (r=-0.376), DA (r=-0.384) became larger and more volume was
displaced (r=-0.363), but smaller amounts of thickness compression occurred
(CTchange[Trans]), Figure 13-12b.

Table 13-13: Distribution of the CST metrics (n=113) at applanation point 1 and 2 and at highest concavity.
Values are provided as mean (SD); lengths and amplitudes are in mm except dArc length in µm.
dAL-NP

DA

DDV*

CT change

3

Maxima (µm, *µm )
OD

1811 ± 185.2

908 ± 92.6

418 ± 58.3

48.9 ± 59.44

OS

1698 ± 223.3

846 ± 111.3

385 ± 67.8

57.2 ± 65.68

121.8 ± 244.80

66.2 ± 122.73

35.9 ± 78.66

-17.1 ± 36.78

Differences

Time of maximum (ms)
OD

15.883 ± 0.6644

15.997 ± 0.6658

15.892 ± 0.6848

11.554 ± 3.7460

OS

15.772 ± 0.7817

15.877 ± 0.7534

15.655 ± 0.8212

13.491 ± 4.0338

Differences

0.1121 ± 1.00970

0.1224 ± 1.05223

0.30222 ± 1.10221

-2.0030 ± 5.21991

Intereye comparisons showed significant differences for all parameter's maxima (|t|(112)>4.4
p=0.000), Table 13-3. On average the OD cornea showed deeper levels of deformation but less
compression. When compared to the OS in 69.1% of the cases, the OS showed shorter dAL-NP,
72.1% smaller DA and 75% lower volume displacement. In 29.4% OD cornea was more
compressed. The time point when the maximum CT change occurred was significantly different
between eyes (t(112)=-3.165 p=0.002). The maximum corneal compression occurred later for the
OS, Table 13-3.
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13.4.5.2

Central strain

Figure 13-13: Corneal strain over time for the central measurement (n=113, 226 eyes). Tukey’s box plots are used
for the distribution and time domain diagrams show the average and the respective 95%CI error band. a and b)
The maximum lateral strain (green) occurred significantly earlier than the longitudinal strain (orange). c) The
maximum longitudinal strain was more than 200x higher than the lateral strain. d and f) Strain over time: the
maximum longitudinal strain occurred after the maximum pressure (blue), whereas the maximum lateral strain
earlier. e) The loading phase (light red) of the longitudinal strain was significantly longer than the unloading
phase (dark red). g) During the phase when the pressure is increasing (light green) and decreasing (dark green)
the lateral strain demonstrates an oscillating behaviour, with an absolute maximum corresponding to the
pressure increase phase.

The maximum elongation (e^; bending or longitudinal strain) for the central cornea was found
after (16.496 ± 0.6197)ms with a magnitude of ([224.9 ± 23.87]×103)%, Figure 13-13a and b. The
maximum (99% quantile) lasted for (0.603 ± 0.3263)ms, Figure 13-13d and e. The maximum
compression (e||; lateral strain) was found on average (4.207 ± 3.8153)ms earlier (Figure 13-13c),
after (12.290 ± 3.8098)ms with a magnitude of (13.4 ± 5.99)%, Figure 13-13a and b. The maximum
lateral strain was found to be a local maximum without a surrounding plateau, Figure 13-13f and
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g. Poison’s ratio for the central cornea was 1,784.9 ± 372.15. The maximum longitudinal and
lateral strain did not correlate (r=-0.036 p=0.191).
The longitudinal strain lasted for (17.505 ± 0.7528)ms and was initially detected after
(6.186 ± 0.4409)ms, Figure 13-13d. The load phase was significantly longer than the unload phase
(load (10.310 ± 0.7412)ms, unload (6.749 ± 1.2327)ms, t(112)=7.483 p=0.000), Figure 13-13e. The
lateral strain was detected initially after (5.367 ± 0.8736)ms and lasted for (17.187 ± 0.1.7235)ms.
The time points when the first strain was detected was not significantly different between
longitudinal and lateral strain (p>0.050). The cornea was significantly more elongated than
compressed (t(112)=2.195 p=0.003).
The maximum lateral strain as well as the time points for the initial, maximum and last strain for
both, longitudinal and lateral strain, were not found to be significantly different between both
eyes OD was found to be statistically significant more elongated the left eye (OD
([227.4 ± 23.76]×103)%, OS ([223.1 ± 24.98]×103)%; t(112)=2.070 p=0.047), Table 13-14.
Table 13-14: Intereye comparison of the time points for the initial strain, maximum and last detected strain
(n=113) for both, longitudinal and lateral strain. Values are provided as mean ± SD. p-Values derived from
two-tailed t-test for paired samples.
OD

OS

p

Pressure (mmHg)

Longitudinal strain
Initial

6.172 ± 0.3465

6.201 ± 0.5205

0.963

18

Maximum

16.479 ± 0.6907

16.514 ± 0.5437

0.378

87

Last

23.98 ± 1.1227

23.716 ± 0.9140

0.240

9 / 10

Lateral strain
Initial

6.338 ± 0.8211

6.309 ± 0.9284

0.738

13 / 11

Maximum

11.996 ± 3.8768

12.583 ± 3.7445

0.177

65 / 70

Last

23.897 ± 1.5957

24.216 ± 1.7244

0.450

16 / 14

13.4.5.3

Central kinetics characteristics

The phase shift for the longitudinal strain was (0.716 ± 0.6197)ms. In 83% of the cases the
maximum lateral strain occurred later than the pressure maximum of the air puff. The lateral
strain’s phase shift was (-3.491 ± 3.8098)ms. For 80% of the central measurements the maximum
compression occurred before the maximum applied pressure, in 2.0% of cases it occurred at
the same time and in 18% after.
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Figure 13-14: Central corneal kinetic characteristics (n=113, 226 eyes). Tukey’s box plots are used for the
distribution and time domain diagrams showing the average and the respective 95%CI error band. A) Kinetic
modulus graph for the longitudinal strain (green), lateral strain (orange) and total strain (blue). For longitudinal
and total strain, the loading phase (light colour) was distinguishable from the unloading phase (dark colour) and
average strain (grey). Kinetic characteristics are different for the longitudinal and lateral strain as well as in total:
b) corneal energy distribution, c) dynamic E-Modulus, d) damping, e) hysteresis, f) compressibility and g)
rigidity.

The central cornea can be described as a dampened system for longitudinal strain and an
oscillating system for lateral strain. But for both strain types the central cornea showed
viscoelastic behaviour if applying an air puff as a stress source. In general, the cornea was more
stretchable then compressible, Figure 13-14 and Table 13-15. Significant difference for intereye
comparison were found for the EStore, EDyn and the compressibility (t(112)>2.95 p<0.050), Table 1315.
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Table 13-15: Kinetic characteristics of the central cornea (n=113). Values are provided as mean ± SD. pValues for intereye comparison was derived from two-tailed t-test for paired samples.
e^

e ||

Total

Inte-reye difference

8.8 ± 4.68

23.0 ± 22.7

9.1 ± 5.14

0.671 / 0.687 / 0.307

Energy loss (Nm)

(2.8 ± 1.36)×105

189 ± 188.9

(1.8 ± 1.91)×105

0.314 / 0.559 / 0.818

Stored Energy (Nm)

(4.8 ± 0.87)×105

473 ± 428.1

(2.36 ± 1.02)×105

0.001a / 0.090 / 0.759

Damping (%)

52.7 ± 20.70

882.2 ± 2684.59

59.3 ± 61.97

0.062 / 0.250 / 0.147

EDyn (Pa)

52.3 ± 6.82

(61.6 ± 23.51)×103

101.8 ± 18.24

0.000b / 0.927 / 0.062

210.0 ± 59.20

0.33 ± 1.509

111.0 ± 40.80

0.000c / 0.326 / 0.111

CompressionModulus (Pa)

(5.4 ± 3.36)×10-3

6.1 ± 3.09

(10.4 ± 6.78)×10-3

0.058 / 0.052 / 0.074

Rigidity (N/m)

213.2 ± 4.93

(7.4 ± 3.76)×105

(3.7 ± 26.79)×104

0.603 / 0.795 / 0.603

(4.7 ± 0.10)×10-3

(2.9 ± 2.04)×10-5

(2.4 ± 2.34)×10-3

0.635 / 0.225 / 0.635

Hysteresis (%)

Compressibility (Pa-1)

-1

Resilience (mN )

4

a) OD < OS ∆=(4.3 ± 9.92)×10 Nm

b) OD > OS ∆=(-4.0 ± 8.16) Pa

c) OD < OS ∆=(35.4 ± 56.38) Pa-1

Cluster analysis
Cluster analysis assessed hysteresis, damping, compressibility and rigidity; the longitudinal
and lateral strain characteristics were examined separately, since the two parameters were
independent of each other.
To cluster the sample population based on their kinetic characteristics for parallel and
orthogonal stress an agglomerative hierarchical, stepwise cluster analysis was used. The most
appropriate method for longitudinal strain was the furthest neighbours with squared Euclidean
metric and for lateral strain Ward's method and city block distance metric. The sample
population could be grouped into two distinct clusters for each strain separately, Figure 12-29
and Table 12-21. The smallest distance between the groups when combined was 0.025 for
longitudinal and 0.007 for lateral strain. Subsequent discriminant analysis showed that using the
grouping model for longitudinal and lateral strain, the cases were correctly classified in 97.8%
and 83.6% of cases. 49% of the subjects were found to show equivalent characteristics for
longitudinal and lateral strain (grouped in equivalent clusters) and 51% showed different
characteristics for elongation and compression, Table 12-21.
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Figure 13-15: Cluster analysis (n=113, 226 eyes) for longitudinal strain (a and b) and lateral strain (c and d). a and
c) The dendrogram show two distinctive groups for each type of strain. b and d) The biggest difference between
neighbours did not increase suddenly nor showed big steps in higher stages.

Table 13-16: Descriptive analysis of the kinetic characteristics of the central cornea within the determined
clusters. Values displayed as mean ± SD. p-values are derived from Mann-Whitney (Wilcoxon) test.
p

Cluster 1

Cluster 2

Longitudinal strain (n(C1)=44, n(C2)=69)
Hysteresis (%)

0.000

12.9 ± 2.69

5.7 ± 2.73

Damping (%)

0.000

67.9 ± 15.21

42.7 ± 17.49

Rigidity (N/m)

0.003

211.3 ± 2.91

214.0 ± 5.07

Compressibility (1/Pa)

0.071

225.8 ± 59.45

206.5 ± 54.37

Less rigid, more viscoelastic
central cornea

Rigid cornea

Interpretation (related to orthogonal
stress ≜ arc length change)

Lateral strain (n(C1)=58, n(C2)=55)

Hysteresis (%)

0.000

11.9 ± 11.45

35.1 ± 25.58

Damping (%)

0.000

292.0 ± 317.25

896.5 ± 948.06

Rigidity (N/m)

0.009

(2.6 ± 11.03)×104

(18.7 ± 51.32)×104

Compressibility (1/Pa)

0.000

(14.6 ± 4.24)×10-2

(25.5 ± 10.08)×10-2

Less rigid cornea

Highly oscillating, rigid central
cornea

Interpretation (related to parallel
stress ≜ thickness change)
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13.4.5.4

Regional variation of corneal biomechanics

The maximum corneal elongation and compression was dependent on the corneal meridian
and zone relative to the corneal centre, Figure 13-16 and Figure 13-17 as well as Table 13-17 and
Table 13-18. The central corneal longitudinal and lateral strain were significantly different to all
off-centre parameters for both their maximum (Table 13-17) and their time domain profile
(Figure 13-16); except C vs. N-PC and C vs. S-P for e^:
×

e^ F(8, 476.6)=39.02 p=0.000, Post-hoc C vs. N-PC p=0.818, all other comparisons p<0.050;

×

e|| F(8, 168.1)=7.884 p=0.000, Post-hoc C vs. N-PC p=0.079, all other comparisons p<0.050).

The radial distance (P, PC) was found to have a higher impact on strain change across the
cornea than meridional variances (I, N, S, T), Figure 13-16 and Figure 13-17 as well as Table 13-17
and Table 13-18.
Peripheral (P) corneal behaviour showed lower levels of elongation, greater compressibility
and required lower levels of stress to initiate the deformation (first time of strain).
Paracentral (PC) and P longitudinal strain was significantly smaller than centrally by -2.0% and
-11.6% respectively. Horizontally the change between PC and P for longitudinal strain was
significantly higher than vertically, 13.3% and 6.3% respectively. Compared to C, the PC and P
deformation was initiated 0.727ms and 1.606ms earlier, respectively. The largest difference in
the onset of deformation was -1.175ms at N-PC. The duration of the longitudinal strain increased
towards the periphery (PC +1.147ms and P +2.850ms). The largest change in duration was
detected nasally (N-PC +2.218ms, N-P +3.329ms).

Towards the periphery, the lateral strain increased: PC +16.1% and P +26.1%, except for
inferiorly, where it decreased by -5.8% and -4.0% across PC and P, respectively.
Horizontally the increase in lateral strain increased significantly more than vertically (T +42.9%,
N +39.0%, S +7.4%, I-4.9%). In comparison to the pressure needed to initiate the compression
centrally, the vertical meridian required similar levels of pressure (S +0.001ms, I +0.107ms) whilst
the horizontal meridian required higher levels (N -0.148ms, T -0.517ms), The duration of the
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lateral strain changed mainly across the horizontal meridian (N +2.179ms, T +2.251ms), whilst
vertically it remained approximately stable in comparison to the central strain (S +0.004ms, I
+0.700ms).

Figure 13-16: Regional variation of the normalised corneal strain over time (n=113, 226 eyes).

Figure 13-17: Regional variation of the corneal strain’s maximum and time (n=113, 226 eyes).
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Table 13-17: Effect of the different positions on the corneal strain (meridional: I, N, S, T; zone: C, PC, P). pValues and effect sizes derived from RM two-way ANOVA. Strong effects highlighted, only significant
effects provided.
Meridian

Zone

Meridians & Zone

2

e^

p=0.021 / h =0.037

p=0.000 / h =0.709

p=0.000 / h2=0.143

e||

p=0.000 / h2=0.258

p=0.002 / h2=0.095

p=0.012 / h2=0.040

Time for
initiating the
deformation

e^

p=0.000 / h2=0.127

p=0.000 / h2=0.514

p=0.016 / h2=0.037

e||

p=0.004 / h2=0.049

p=0.000 / h2=0.145

p=0.006 / h2=0.045

Duration

e^

p=0.000 / h2=0.129

p=0.002 / h2=0.549

p=0.035 / h2=0.030

e||

p=0.000 / h2=0.210

-

p=0.004 / h2=0.052

Maximum

2

Table 13-18: Regional variation of the corneal strain (n=113). Values are provided as mean (SD). Frame 1
describes the time for initiating the deformation.
Maximum

Frame 1

Phase shift

Duration

e^

e||

e^

e||

e^

e||

e^

e||

C

224.9
(23.87)

0.134
(0.0599)

6.186
(0.4409)

6.323
(0.8736)

0.716
(0.6197)

-3.491
(3.8098)

17.505
(0.7528)

17.187
(1.7235)

I-P

205.0
(24.97)

0.128
(0.0473)

4.684
(1.3831)

6.477
(1.027)

0.631
(0.6996)

-2.332
(3.6629)

20.216
(2.4674)

16.023
(2.3083)

I-PC

220.4
(22.59)

0.126
(0.0248)

5.992
(0.693)

6.385
(0.9063)

0.636
(0.6645)

-3.248
(4.5187)

17.744
(1.2385)

17.498
(2.3734)

N-P

190.7
(24.52)

0.195
(0.1024)

4.461
(1.5694)

5.944
(1.4806)

0.459
(0.9582)

-1.336
(3.406)

20.834
(2.9226)

17.249
(2.781)

N-PC

220.0
(25.6)

0.172
(0.1562)

5.012
(1.4287)

6.407
(1.3869)

0.637
(0.7114)

-1.287
(3.8618)

19.723
(2.5086)

16.227
(3.4027)

S-P

206.9
(33.11)

0.162
(0.0896)

5.05
(1.4219)

6.257
(1.0813)

0.883
(0.9582)

-3.580
(3.406)

20.031
(2.6554)

15.904
(2.3917)

S-PC

219.1
(31.1)

0.124
(0.0278)

5.855
(0.9721)

6.391
(1.2798)

0.763
(0.5816)

-3.395
(4.2269)

17.962
(1.3779)

15.658
(2.1947)

T-P

192.7
(26.72)

0.181
(0.057)

4.247
(1.4465)

5.382
(1.7234)

0.629
(0.8625)

-1.366
(3.6809)

19.863
(2.926)

18.423
(2.9438)

T-PC

222.0
(24.93)

0.182
(0.0954)

5.427
(1.2737)

6.23
(1.3856)

0.619
(0.7841)

-1.114
(3.8666)

18.111
(1.9292)

17.864
(2.6996)
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Kinetic characteristics
Corneal kinetic characteristics were found to vary weakly to moderately between corneal
meridians and zones. In comparison compressibility differed significantly between the different
zones for both strain types, Table 13-19 and Table 13-22, Figure 13-18 to Figure 13-21.
Table 13-19: Effect of the different positions on the cornea on corneal kinetic characteristics (meridional: I,
N, S, T; zone: C, PC, P). p-Values and effect sizes derived from RM two-way ANOVA. Strong effects
highlighted, only significant effects provided.
Meridian
Hysteresis

e||

Zone

Meridians & Zone

2

2

p=0.000 / h =0.153

-

ELoss

e^

p=0.004 / h =0.046

-

-

EStore

e^

-

p=0.000 / h2=0.172

-

-

-

e||

2

p=0.001 / h =0.073

Damping

e^

p=0.001 / h =0.062

p=0.045 / h =0.043

p=0.024 / h2=0.034

EDyn

e^

-

p=0.000 / h2=0.211

-

e||

-

-

p=0.039 / h2=0.069

e^

p=0.000 / h2=0.185

p=0.000 / h2=0.505

p=0.000 / h2=0.090

e||

p=0.000 / h2=0.114

p=0.000 / h2=0.339

-

e^

p=0.000 / h2=0.044

-

-

-

-

Compressibility

Rigidity

e||

2

2

2

p=0.001 / h =0.044

The corneal hysteresis for longitudinal strain increased towards the periphery (ns: PC +9%,
P +1%). In 56% of the cases the highest increase occurred between C to PC, followed by a
decrease in hysteresis between PC and P; 21% showed a monotone decrease and 23% an
increase towards the periphery. 56% of corneas showed highest levels of regional
heterogeneity superiorly (PC +20%, P +12%). The hysteresis for lateral strain changed
significantly towards the periphery (PC -13%, P-32%). With increasing distance from the cornea,
the spread of the sample population increased:
×

F>1.38 for I-P, T-P, N-P and T-PC vs. C

×

CoV: C 18%, PC 19%, P 22%.

Significant, weak simple effects were observed between meridians for measures of ELoss(e^)
and EStore(e||). Post-hoc analysis showed, that ELoss(e^) I-P was significantly smaller than S-PC
(p=0.06). EStore(e||) was found to be significantly smallest in I-PC and highest in N-P (p=0.000). A
moderate simple effect was detected between zones for EStore(e^). Towards the periphery, the
energy needed to stretch the cornea decreased significantly (PC -3%, P -9%).
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Peripheral corneal areas showed greater levels of damping for the longitudinal strain (PC +18%,
P +22%). Within both zones, the horizontal meridian showed a higher level of damping than the
vertical meridian, +26% and +14% respectively. Lateral strain was highly variable showing an
oscillating behaviour in all measurement areas (D>1, within-subject variability 73.2%).
The EDyn(e^) increased significantly towards the periphery (PC +2%, P +8%). The increase was
similar in both meridians, (PC: +2% horizontally and +3% vertically; P: +9% horizontally and +7%
vertically). EDyn(e^) was observed to be consistent within the sample population (CoV of 17.9%)
and was found to increase significantly towards the periphery. EDyn(e^) was noted to be the
second most homogenous parameter (within-subject variability 9.5%), whereas EDyn(e||) was the
most heterogeneous parameter (within-subject variability 27.0%), Table 13-20. Within the PC
zone, EDyn(e||) increased (ns) across the N, S and T meridians and decreased inferiorly (ns),
whereas within the P it decreased across N, S and T (ns) but showed a significant increase of
+12% inferiorly. Nevertheless, for characterising lateral strain, the EDyn(e||) was found to be the
most homogenous parameter across the cornea, Table 13-20.
The pressure needed to induce corneal volume change (compressibility) varied significantly
between the zones but only moderately between meridians for both types of strains. Towards
the periphery, the compressibility (e^) decreased significantly (PC -8%, P-29%). Similar changes
were found for lateral strain (PC -9%, P-26%). In 54% of the cases, both types of compressibility
decreased towards the periphery. For both types of strain the compressibility remained
stable within the vertical meridian at PC in comparison to the centre. Within the horizontal
meridian at P compressibility decreased by -15% for e^ and -18% for e||.
Rigidity for longitudinal strain was the most homogeneous kinetic characteristic within one eye
but also within the sample population (within-subject variability 1.7%, CoV 2.8%). Only 1%
change was detected for the nasal and superior peripheral position in comparison to the central
measurement (N-P +1%, S-P -1%), Table 13-20. For lateral strain the rigidity for off-centre
locations was smaller than centrally, but remained stable between PC and P by -33%. The rigidity
(e||) showed high levels of variability for both, within sample population CoV 41.4% and within
eye 77.2%.
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Table 13-20: Distribution of the kinetic characteristics with the lowest within-subject variability
(n=113; 226 eyes)
EDyn (e^) (Pa)

EDyn (e ||) (Pa)

Rigidity (e^) (N/m)

Median

53.3

56.8

210.2

Maximum

134.1

243.2

251.1

Minimum

37.8

1.96

191.2

IQR (5-95%)

26.7

71.4

11.3

CoV

17.9

39.4

2.83

Difference between position

5.4 ± 3.22

17.2 ± 7.05

3.6 ± 1.96

Within-subject variability (%)

9.5 ± 4.88

27.0 ± 9.86

1.7 ± 0.91

Most kinetic parameters for longitudinal strain correlated significantly between zones: except
for rigidity (PC vs. C r=0.009, P vs. C r=-0.40, P vs. PC r=-0.079), there was a general trend showing
increasing central values resulting in higher paracentral and peripheral measures, Table 13-21.
Characteristics of the lateral strain only showed significant correlations between the zones for
compressibility and EDyn.
Significant (weak to moderate) two-way interactions for intereye comparison and either zones
or meridians were observed for the compressibility (e^), damping (e^) and (e||), EDyn (e^), EStore
(e^) and both hysteresis. rigidity (e^), ELoss(e||) and EDyn(e||) were not found to be different
between OD and OS, but also did not significantly correlated between eye sides (Appendix A13, Table A-13.21, page A-63).
Table 13-21: Significant correlation (p<0.010) between the zones of the kinetic characteristics
(n=113; 226 eyes).
C vs. PC

PC vs. P

C vs. P

Compressibility (e^)

0.588

0.240

0.355

Compressibility (e||)

0.377

0.250

0.232

Damping (e^)

0.331

0.430

0.247

EDyn (e^)

0.579

0.487

0.309

EDyn (e ||)

0.271

-

-

ELoss (e^)

0.286

0.514

0.293

EStore (e^)

0.471

0.400

0.226

Hysteresis (e^)

0.517

0.440

0.478
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Table 13-22: Regional variation of the corneal kinetic characteristics (n=113). Values are provided as mean (SD) for longitudinal and lateral strain.

C
8.8
(4.59)

8.8
(4.68)

e^

21.4
(20.99)

16.5
(19.10)

23.0
(22.70)

e||

2.8
(1.21)

2.6
(1.23)

2.5
(1.18)

2.8
(1.37)

e^

514.4
(469.42)

503.4
(370.86)

436.6
(335.16)

443.1
(468.38)

472.9
(428.08)

e||

4.5
(1.05)

4.6
(0.94)

4.3
(0.92)

4.7
(0.95)

4.6
(0.83)

4.8
(0.87)

e^*

189.5
(243.41)

174.1
(183.05)

223.3
(234.64)

257.7
(160.14)

158.6
(131.65)

194.5
(209.25)

189.1
(188.92)

e||

70.6
(29.88)

65.9
(29.26)

63.6
(30.45)

62.2
(28.9)

68.7
(32.63)

56.1
(26.66)

55.0
(26.18)

52.7
(20.70)

e^

499.6
(958.5)

679.9
(1186.6)

846.4
(1481.9)

793.1
(1069.9)

735.3
(1366.3)

352.1
(682.07)

814.3
(1396.0)

686.1
(1254.7)

572.6
(754.2)

e||

52.6
(7.20)

56.7
(8.52)

53.6
(8.97)

56.9
(14.98)

53.9
(10.44)

57.6
(8.60)

53.7
(9.73)

55.1
(8.73)

52.3
(6.82)

e^

62.3
(26.83)

59.4
(21.60)

62.7
(23.94)

58.4
(22.38)

65.0
(25.21)

59.8
(22.43)

61.1
(23.76)

68.9
(29.08)

61.6
(23.02)

e||**

169.4
(89.62)

126.4
(57.65)

211.5
(64.54)

159.6
(58.33)

188.7
(110.47)

113.9
(46.23)

207.0
(55.13)

199.8
(86.69)

210.0
(59.20)

e^

0.159
(0.0922)

0.126
(0.0518)

0.197
(0.0833)

0.170
(0.0758)

0.168
(0.117)

0.117
(0.0498)

0.201
(0.0869)

0.172
(0.0859)

0.198
(0.0932)

e||

213.4
(6.81)

214.0
(8.33)

212.7
(4.48)

212.0
(3.35)

213.3
(7.28)

215.2
(9.96)

213.6
(5.50)

214.0
(7.55)

213.2
(4.93)

e^

101.9
(256.36)

102.8
(265.84)

147.5
(352.06)

100.7
(256.98)

74.9
(159.22)

111.5
(267.74)

77.1
(107.96)

90.3
(172.20)

150.1
(352.45)

e||**

Rigidity (N/m)

I-P
8.8
(4.01)
11.9
(15.44)
2.9
(1.34)

530.7
(369.51)

4.7
(0.96)

191.3
(136.98)

63.7
(30.79)

Compressibility (Pa-1)

I-PC
8.2
(6.38)
20.6
(22.29)
2.9
(1.45)

455.3
(390.21)

4.3
(0.96)

233
(165.01)

EDyn (Pa)

N-P
9.5
(5.24)
18.6
(20.68)
3.1
(1.39)

503.0
(290.59)

4.6
(0.88)

Damping (%)

N-PC
9.9
(5.66)
19.9
(19.34)

3.0
(1.31)

545.8
(354.35)

EStore (Nm)

S-P
10.5
(5.8)
15.2
(17.80)

2.9
(1.42)

ELoss (Nm)

S-PC
8.5
(5.20)

18.2
(18.87)

Hysteresis (%)

T-P
9.6
(6.10)

** x103

T-PC
Value * x105
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Figure 13-18: Regional variation of the kinetic modulus graph for longitudinal strain (n=113, 226 eyes).
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Figure 13-19: Regional variation of the corneal kinetic characteristics for longitudinal strain
(n=113, 226 eyes).
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Figure 13-20: Regional variation of the lateral strain for increasing and decreasing pressure phases (n=113, 226
eyes).
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Figure 13-21: Regional variation of the corneal kinetic characteristics for lateral strain
(n=113, 226 eyes).
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13.4.5.5

Association with demographical characteristics and ocular biometry

Corneal strain
No significant effect of age, gender, meridian and zone was found on the corneal strain
characteristics (longitudinal and lateral, maximum strain, time of initial deformation, duration,
phase shift; p>0.050). Ethnicity did significantly impact the phase shift for longitudinal strain. In
Caucasian eyes the phase shift was significantly longer than in Chinese Asian corneas
specifically for T-PC (F(8.964, 245.020)=2.164 p=0.025 f=0.073):
×

RM one-way ANOVA for T-PC:

F(3)=28.062 p=0.042

×

Caucasian vs. Chinese Asian in T-PC:

p=0.013 (∆=(1.603 ± 0.436)ms).

Moderate significant correlation was found between IOP and the maximum longitudinal strain:
×

By increasing the IOP by 1mmHg, the maximum longitudinal strain decreased by
(-3.69 ± 0.143)% (r=-0.582 p=0.000).

IOP was also found to influence the duration of the lateral strain:
×

Increasing the IOP by 1mmHg, shortened the compression duration by (-0.151 ± 0.0164)ms
(r=-0.269 p=0.000).

Lateral strain was not found to be linearly associated with biometric characteristics. Strong
significant associations were found between characteristics of the longitudinal strain and
corneal thickness: each micrometre increase in CT related to
×

a decrease of (0.13 ± 0.006)% of longitudinal strain (r=-0.473 p=0.000),

×

a delay of (4.51 ± 0.032)10-3ms in initiating the deformation (r=-0.359 p=0.000)

×

a duration increase of (8.09 ± 5.834)10-3ms (r=0.357 p=0.000).

The maximum of longitudinal strain was also correlated with Slope2 (r=0.159 p=0.000), corneal
volume (r=-0.232 p=0.001) and MSE (r=-0.201 p=0.000).
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Multiple regression analyses (Cochrane-Orcutt-Optimization) was used to model longitudinal
strain including the correlated parameters (Durbin Watson 1.98, autocorrelation 0.134, adj.
R2=0.428), E 13-2.
e^ = 311.0 – 2.88 IOP – 0.08 CT + 0.65 Slope2 – 1.87 MSE

E 13-2

Kinetic characteristics
No significant effect of age, gender, meridian and zone was found on the corneal kinetic
characteristics for both types of strain (two-way ANOVA p>0.050). Damping, EStore and hysteresis
relating to the lateral strain varied significantly between ethnicities. The central compression
(e||) amongst African eyes was significantly more damped than in Caucasian and British-South
Asian eyes (ethnicity & meridian: F(3, 68.987)=4.830 p=0.031 f=0.066):
×

RM one-way ANOVA for C:

F(3)=3.907 p=0.010,

×

African vs. Caucasian in C:

p=0.010 (∆=-4.21 ± 0.801),

×

African vs. British-South Asian in C: p=0.009 ∆=-5.84 ± 1.104.

Weak correlations were found between kinetic characteristics and IOP and CT (Table 13-23), all
other comparisons between corneal kinetics and biometry were not significant (|r|<0.150
p>0.050).
Table 13-23: Significant correlation (p<0.010) between IOP and CT and kinetic characteristics
(n=113; 226 eyes).
Kinetic characteristics

Biometric parameter

Adj. R2

Equation

Compressibility (e^)

IOP
CT

r=-0.207
r=-0.341

13.1%

= 359.0 - 0.222 CT - 1.880 IOP

Compressibility (e||)

CT

r=-0.267

8.0%

= 0.316 – 2.162×10-4 CT

EDyn (e^)

IOP
CT

r=0.362
r=-0.341

12.7%

= 37.8 + 0.565 IOP + 0.014 CT

EStore (e^)

IOP
CT

r=-0.250
r=-0.206

7.4%

= 6.0×103 – 124.0 CT – 3.7×103 IOP

13.4.5.6

Comparison between sample biometrical clusters

The comparison between the biometry groups showed significant differences in the maximum
longitudinal strain, EDyn (e^) the duration of lateral strain. Group (1) subjects with thinner cornea
and sclera, small AC architecture and more positive refractive error showed significantly lower
hysteresis when compared to the other groups:
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×

F(2)=14.159 p=0.000

×

Post-Hoc: group(1) vs. group(2) p=0.000 ∆=-11.7 ± 2.30,
group(1) vs. group(3) p=0.000 ∆=-10.4 ± 2.21.

Furthermore, the EDyn (e^) was significantly lower amongst the same group:
×

F(2)=6.602 p=0.001,

×

Post-Hoc: group(1) vs. group(2) p=0.004 ∆=(2.7 ± 0.83)Pa,
group(1) vs. group(3) p=0.015 ∆=(2.3 ± 0.81)Pa.

The lateral strain was detected to be significantly longer in group(2) (F(2)=6.602 p=0.001, PostHoc: group(2) vs. group(3) p=0.015 ∆=(-2.034 ± 0.6913)ms).
13.4.6

Association of corneal biomechanical properties with CST and ORA metrics

The corneal kinetic characteristics demonstrated significant moderate to weak influences on
the CST metrics, Figure 13-22a. Highest impact on CST metrics was from EDyn(e^),
compressibility (e^, e||). Overall, the highest multiple correlation coefficients showed the A2
velocity (r=0.623 p=0.000), peak distance (r=0.605 p=0.000) and maximum deformation amplitude
(r=0.465 p=0.000).

ORA metrics also showed moderate to weak associations with corneal kinetic parameters,
Figure 13-22b. ORA derived measures of CH showed low-level correlation with manually
calculated hysteresis (e^) (r=0.265 p=0.002); ORA CH was also influenced by compressibility (e||)
(r=0.-268 p=0.001). CRF was significantly influenced by corneal biomechanical properties
(overall correlation r=0.480 p=0.015).
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Figure 13-22: Pearson correlation matrix for the comparison between corneal kinetic characteristics and (a) CST
and (b) ORA metrics using correlation ellipses. Non-significant comparisons are blanked. Pearson correlation
can vary between -1 (red) and 1 (green). The more elliptic the shape, the higher the correlation between the
parameters.
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13.5 Discussion
Measures of in vivo corneal biomechanics are known to be of significant clinical relevance
when assessing IOP and during the screening and treatment of corneal diseases (Ogbuehi and
Osuagwu, 2014, Kling and Hafezi, 2017b, Ruberti et al., 2011, Hirneiss et al., 2013, Dupps and
Roberts, 2014, Pinero and Alcon, 2015, Avetisov et al., 2010, Luz et al., 2016). The present study
described in vivo corneal biomechanics and their association with demographic and ocular
biometrical characteristics. Furthermore, normative data for the CST and ORA metrics was
investigated alongside their correlation with novel in vivo corneal material properties. Regional
variation of the biomechanical properties via the CST and ORA metrics were assessed for the
first time.
13.5.1

Central corneal biomechanical properties (novel parameter)

The mechanical characteristics of the human cornea are predominantly dictated by its
geometrical shape, the ECM and its hydration status (Ariza-Gracia et al., 2016, Ariza-Gracia et
al., 2015, Detorakis and Pallikaris, 2013, Kaneko et al., 2004, Kempf et al., 2006a, Kempf et al., 2006b,
Kurita et al., 2005, Metzler et al., 2013a, Metzler et al., 2013b, Pallikaris et al., 2010, Pallikaris et al.,
2005, Weber, 2008). Ocular biometry and corneal hydration can be investigated in vivo using
topography and Scheimpflug imaging, whereas, the distribution of corneal ECM can only be
assessed ex vivo (Chapter I section 3.2, page 49). Using such techniques three mechanical
properties of the cornea are discussed in the literature: the E-Modulus, rigidity and hysteresis.
13.5.1.1

E-Modulus

It is assumed that the elastic modulus of the cornea represents the non-uniform orientation of
the stromal collagen (Boote et al., 2005, Meek and Newton, 1999, Elsheikh et al., 2008a), but due
to the low levels of stress and strain applied during tonometry, intersubject corneal differences
in E-modulus are unlikely to be detectable (Boyce et al., 2007, Elsheikh et al., 2008a, Elsheikh et
al., 2008b, Elsheikh et al., 2007, Kampmeier et al., 2000).
Much of the literature on corneal E-Modulus is based on ex vivo experiments or via theoretical
simulation. Over the last five decades, measures of corneal E-Moduli have been published
ranging from 0.19 to 15.56MPa (Chapter I section 3.2.4, Table 3-1, page 52). Significant
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differences in reports of E-modulus values are likely to be due to methodological differences
which preclude interstudy comparability.
Orssengo & Pye (1999) demonstrated that the E-Modulus may be linearly related to the true IOP
and found the relationship to be E(MPa)=0.0029p(mmHg) (p=true IOP for corneal thickness
0.52mm), (Orssengo and Pye, 1999). Using this theorem, the same research group assessed 100
living human eyes and found in vivo E-Modulus of (0.29 ± 0.06)MPa. The investigators confirmed
their earlier findings of a linear relationship between IOP and E-modulus and reported that, to
increase the E-Modulus by +1MPa, the true IOP needed to be raised by +23mmHg (Hamilton and
Pye, 2008).
Given the limitations of ex vivo studies and their applicability to in vivo eyes (Chapter I section 3,
page 42 et seq. and Chapter III section 10.5.4, page 224) attempts have been made to relate
theoretical consideration and in vivo measurements (Roberts et al., 2017, Shih et al., 2015). Shih
et al. (2015) modelled the corneal E-Modulus for longitudinal strain based on the CST
deformation and reported values 0.01 to 1.24MPa (average 0.31MPa) (Shih et al., 2015). Other
attempts have been made to characterise the corneal stiffness using the CST (Roberts et al.,
2017) by calculating the ratio between the anterior corneal surface displacement and the CST
stress (assessed by hot-wire anemometry, discussed in Chapter III section 7.5.1, page 127); the
researchers conducted a retrospective analysis for normal eyes and found the corneal stiffness
to be (11.9 ± 3.5)mmHg/mm. Despite such efforts, to the author’s best knowledge, no study has
assessed the in vivo E-Modulus with applanation tonometry or NCT.
In the present work, the dynamic E-Modulus was evaluated for the two different strain types that
occur during a tonometry measurement: longitudinal strain (elongation, stretching or bending,
e^) and lateral strain (compression or thickness change, e||). On average the EDyn(e^) was
(52.3 ± 6.82)Pa and EDyn(e||) (61.1 ± 23.12)KPa. These results suggest that the cornea is 1000x more
stretchable than compressible. In comparison ex vivo experiments - using the same analytical
procedure and porcine globes (Chapter IV section 10, page 194 et seq.) - show this relation
between EDyn(e||) and EDyn(e^) to be opposite to the in vivo results: in enucleated porcine globes
(within the MIOP range between 10 to 20mmHg) the EDyn(e||) was found to be 1.5 to 2x smaller
than EDyn(e^), indicating that the cornea of an enucleated eye is less stiff for compression than
for bending; whereas in the in vivo human cornea, the resistance against compression is much
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higher than the resistance against bending (elongation). This demonstrates the limitation of ex
vivo results and suggests that the biomechanical properties of a living eye play a protective role
against external pressure. Furthermore the variability within the sample population for EDyn(e^)
was small (CoV 13.0%) in comparison to the EDyn(e||) (CoV 37.7%); suggesting that in comparison
to lateral strain, longitudinal strain may be relatively similar between individuals.
The present measures of corneal E-Modulus are comparatively low in view of the literature
which mainly concerns longitudinal strain; there are no reports of E-Modulus for corneal
compression. The differences relating to the underlying geometrical shape of the cornea, are
likely to be important. Previous studies have assumed that the anterior corneal surface is of
equal curvature and equal thickness. Whereas the present investigation assessed the
deformation behaviour relative to a neutral plane and the corneal curvature was removed from
the deformation component. Differences in the assumptions relating to the direction and
magnitude of stress also need to be considered. Ex vivo extensiometry studies assess corneal
stretching by applying uniaxial load, which is not comparable with NCT given that the air puff is
applied perpendicular to the stretching.
13.5.1.2

Hysteresis

Hysteresis is a viscoelastic property characterising the difference between the behaviour under
loading and unloading conditions. For corneal tissues, it is assumed, that the loading and
unloading behaviour differs due to its inherent viscous proteoglycan matrix, thus energy during
the process is lost or dissipated (Gloster et al., 1957, Kobayashi et al., 1973b, Schlegel et al., 1972,
Spörl et al., 1996). Studies on corneal hysteresis have been mainly based on ex vivo (Elsheikh et
al., 2008a, Elsheikh et al., 2010b) and more recently in vivo conditions (Vellara et al., 2015, Wang
et al., 2016). The ORA claims to assess the in vivo corneal hysteresis using NCT air puff
application, but due to the assumptions made by the ORA software (page 367), these measures
of CH cannot be considered to represent true intrinsic material properties of the cornea.
Within the literature, hysteresis is considered as the area between the load and unload function
in a stress-strain diagram, which can be described as the energy dissipating from the cornea
rather than the true hysteresis (Chapter III section 9.3.4.1, page 183). For ex vivo corneal strips
under uniaxial load the energy dissipation was found to be within a range of 1 to 4×10-4MPa
- 363 -

Chapter VI: In vivo human eye study
(Elsheikh et al., 2008a, Elsheikh et al., 2010b). Vellara et al. (2015) used the CST to quantify the
energy dissipation for longitudinal strain in healthy eyes. In their analysis, they related the force
(cylinder pressure and an assumed pulse diameter of 3.05mm) applied by the CST to the corneal
anterior surface displacement; energy dissipation was found to be (2.02 ± 0.65)×10-5Pa (Vellara
et al., 2015).
In the current study, hysteresis was defined by applying material engineering concepts as the
ratio between the stress for average strain during load, to the stress for average load during
unload conditions (Christensen, 2012, Ferry, 1980, Gottstein, 2013, Laska and Felsch, 2013). The
hysteresis for longitudinal strain was (8.8 ± 4.68)% and for lateral strain (23.0 ± 22.7)%. Since the
present definition for hysteresis differs to the definitions from the literature concerning ocular
biomechanics, a comparison of values is not possible.
13.5.1.3

Rigidity

Corneal rigidity in material science is described as the resistance against mechanical
deformation and is the only parameter (excluding resilience as the inverse of rigidity) which is
related to force rather than pressure (Fratzl et al., 1998, Phillips et al., 2013). Friedenwald (1937)
first made attempts to quantify ocular rigidity derived from pressure-volume relationships
during indentation and reported an average value of 0.0215mmHg/µl (Friedenwald, 1937b).
Since then, the average ocular rigidity coefficient has been calculated using numerous
methods:
×

Goldmann

0.020mmHg/µl (Goldmann and Schmidt, 1957),

×

Drance

0.0217mmHg/µl (Drance, 1960a),

×

Agarwal et al.

0.0217 mmHg/µl (Agrawal et al., 1991) and

×

Pallikaris et al.

0.0126mmHg/µl (Pallikaris et al., 2005).

Previous attempts defined ocular rigidity by the pressure needed to displace one microliter of
anterior ocular volume. In contrast, in the present study, rigidity was defined by the relationship
between force and maximum stretch during air puff applanation. The rigidity for longitudinal
strain was (213.2 ± 4.93)N/m and for lateral strain (740.1 ± 376.32)KN/m. These values also
differed from those in the literature.
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The main reason for these discrepancies are likely to be due to differences in:
×

The definition and derivation of ocular and corneal rigidity. Researchers have often used
these terms interchangeably failing to identify the differences in what is actually measured.
Despite significant differences in methodology, measures of ocular and corneal rigidity
derived via extensiometry, pressure- volume inflation experiments and Schiötz tonometry
are historically discussed as measuring the same mechanical properties of the eye.

×

The present study attempted to distinguish the differences between ocular and corneal
rigidity; the ocular rigidity coefficient was investigated during applanation, whereas the
corneal rigidity was assessed under maximum stretch.

To date E-Modulus, hysteresis and rigidity for longitudinal strain are the only material properties
of the cornea discussed in the literature. In comparison, the present investigation attempts to
provide a comprehensive analysis of the intrinsic parameters including measures of damping,
compressibility and Poison’s ratio. From the results it is evident, that a distinction needs to be
made between longitudinal and lateral strain to facilitate an improved understanding of the
corneal mechanical stability in vivo.
13.5.2

Evaluation of the CST metrics in the central healthy adults cornea

There is a growing of body of literature assessing the validity and applicability of CST metrics,
Figure 13-23 (Hong et al., 2013, Asaoka et al., 2015, Lanza et al., 2015b, Salvetat et al., 2015, Bao et
al., 2016b, Joda et al., 2016, Kasprzak and Boszczyk, 2016, Lee et al., 2016a, Shen et al., 2016, Nakao
et al., 2017, Wang et al., 2017).
Comparing the values reported in the literature with those of the current study, the most
consistent metrics are A1 and A2 length, which indicates that the dynamic response of the
cornea is influenced not only by intrinsic properties but also from ocular biometric values, ,
Figure 13-23. It can be assumed, that the interindividual variation of corneal biomechanical
properties within the population of healthy human adults is small; given that the extrinsic and
intrinsic forces the cornea has to withstand, e.g. atmospheric pressure variations, blinking, eye
rubbing, posture change, are similar within each geographical region.
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Ocular biometry however varies considerably across the healthy human population as shown
in Chapter V section 12 (page 251 et seq.). Comparisons between the ocular biometric cluster
groups highlight the diversity of CST metrics: For central measurements, 10 out of 20
comparisons were found to be significantly different between groups, indicating that within the
healthy population, ocular biometry values influence the distribution of the corneal response to
an air puff, as detected by the CST. This would lead to the suggestion that magnitudes of CST
metrics discriminating between physiological, suspicious and pathological corneas need to be
accounted for ocular biometry. Since this is not the case, it could explain the largely overlapping
ranges of distributions of different populations. Interestingly, the comparison between the
ocular biometrical groups also indicates that the magnitude of intraindividual heterogeneity of
the CST metrics is not so much affected by ocular biometry as central measurements.

Figure 13-23: CST metrics describing the corneal response to the applied air puff for healthy human
adults (mean + 95%CI as error bars). The coloured horizontal bars represent the respective 95%CI
error band determined in the present study.

Nevertheless, the distribution of the normative data describing the corneal response to the CST
air puff presented here can be seen to be similar to previously published data, Figure 13-23.
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Association between CST metrics and corneal biomechanics
The central dynamic response of the cornea described by the CST metrics were found to be
influenced by the EDyn(e^) and compressibility for both e^ and e||. The stiffer and the less
compressible the cornea the more pressure was needed to be applied to applanate the cornea
during the inward and outward movement. The dependency of the A1 time was discussed in the
literature and is assumed to be the main reason for the measurement uncertainty in tonometric
measurements. Researchers assumed that a stiffer cornea would result in an overestimated IOP
value and vice versa (Elsheikh et al., 2009, Elsheikh et al., 2015, Hamilton and Pye, 2008, Kwon et
al., 2016, Liu and Roberts, 2005).
Dynamic corneal response appears to be dictated by both the ocular biometry and the intrinsic
characteristics of the cornea. Discriminating between the influences of these two factors is
challenging due to their inherent relationship, which inadvertly affects the interpretation of the
metrics derived. It is anticipated that further investigation on pathological eyes and ex vivo
globes may aid to isolate the respective contribution of these factors in dynamic corneal
response.
13.5.3

Evaluation of the ORA metrics in the central healthy adult cornea

Under the assumption that the cornea could be categorised as an elastic tissue and IOP change
during pressure application considered negligible, the ORA pressures P1 and P2 would be
similar, given that inward and outward corneal movement should be equivalent (Luce, 2005b,
Luce and Taylor, 2006a). Luce (2005) demonstrated that P2 within the individual eye is greater
than P1, thus representing the hysteresis behaviour, which was later confirmed by numerous
studies (Terai et al., 2012a, Luce and Taylor, 2006a, Tejwani et al., 2014, Jóźwik et al., 2016). CH
quantifies the difference between P1 and P2 as a simple scalar. From the nature of the
parameter, CH ignores the energy distribution within the cornea during the application of the
air puff (equivalent to the area of the hysteresis) and thus due to the underlying simplification
of the complex relation, the use of CH to characterise the biomechanical behaviour is strongly
limited.
The clinical relevance of CH results from the ORA has yet to be determined despite the number
of studies conducted with the device. Suggestions on empirical data were made, that CH
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characterises the overall damping of the corneal tissue as a response of the ground substance
(Knox Cartwright et al., 2011, Kamiya et al., 2009, Terai et al., 2012a, Haustein et al., 2013).
The conceptional limitations applicable for CH are also applicable for CRF. CRF was developed
as correction factor for ORA measures of IOP and characterises the rigidity against deformation
caused by an applied air puff. CRF was designed to strongly correlate with CCT and been
minimal association with IOPcc (Luce and Taylor, 2006a, Luce, 2005b), which could be confirmed
with the present results (correlation between CRF: CCT r=0.464 p=0.000, IOPcc r=0.173 p=0.006).
Little is known about the exact experimental basis of how the CRF equation was determined,
although Luce (2005b) reported that it was derived empirically from a diverse sample of normal,
hypertensive and glaucomatous eyes (Luce, 2005b).
Over the last two decades a number of studies have published normative values for the ORA
metrics, Figure 13-24 (Abitbol et al., 2010, Chen et al., 2009, del Buey et al., 2009, Franco and Lira,
2009, Gonzalez-Meijome et al., 2008, Jóźwik et al., 2016, Kamiya et al., 2009, Kaushik et al., 2012,
Kirwan and O’Keefe, 2008, Kirwan et al., 2006, Kotecha et al., 2014, Lam et al., 2007, Lim et al., 2008,
Lu et al., 2007, Luce, 2005b, Shah et al., 2007, Shen et al., 2008b, Song et al., 2008, Tejwani et al.,
2015, Tejwani et al., 2014, Touboul et al., 2008, Zimmermann et al., 2017).

Figure 13-24: ORA corneal biomechanical metrics for healthy human adults (mean + 95%CI as error bars). The
coloured horizontal bars represent the respective 95%CI error band determined in the present study.

The average CH and CRF for healthy human adults falls within a range between 10 and 12mmHg.
In comparison Luce (2005) observed average CH to be in the order of 9mmHg. It is likely that
modifications to the ORA analysis algorithm since the initial studies undertaken by Luce (2005)
are likely to account for the lower values reported. The population variance for CH and CRF
seems to be consistent between 1.5 to 2.0mmHg (single SD of the sample population). The
distribution of the normative data for CH and CRF determined by the current study can be seen
to be similar to previously published data, Figure 13-24.
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WFS describes the quality of a detected waveform by the ORA with higher values denoting
improved reliability of CH and CRF. WFS is rarely discussed in the literature. Lam et al. (2010)
assessed the clinical use of the WFS and suggested that ORA measures with WFS <3.5 should
be discarded since the reliability of the signal detected by the ORA is questionable (Lam et al.,
2010). As far as the author is aware, APLHF has not been discussed in the literature yet. APLHF
quantifies the high-frequency noise between the ORA waveform peaks, which is normally
removed by the smoothing procedure conducted by the ORA software. Presently, APLHF
showed the highest difference between central and peripheral measurement possibly
representing the increased variability in the IR signal for off-centre measurement.
The analysis of further waveform parameters has been dispensed in the present thesis, since it
can be assumed that some degree of colinearity exists as shown by (Chapter I section 3.3.2,
page 60 and Appendix A-3, page A-3) and previous studies (Kotecha et al., 2014, Lam et al., 2010,
Tejwani et al., 2014, Touboul et al., 2008).
Association between ORA metrics and corneal biomechanics
Evidence provided by the present thesis, supports the hypothesis that CH represents a
combined response of the biometric and biomechanical components rather than
characterising intrinsic material properties, such as energy distribution or damping
(Chapter III section 9, page 169). Although the effect was weak, CH was found to have a positive
association with increasing corneal hysteresis (r=0.265 p=0.002) and a negative relationship with
increasing compressibility (e||; a derivative of cornea thickness), CH failed to show any
association with measures of damping nor with other biomechanical properties.
CRF was found to correlate moderately with compressibility e^ and e||. The results showed that
the smaller the compressibility the higher the CRF implying that higher levels of pressure were
needed to compress the tissue. These observations are in support of the definition of CRF
provided by Luce and Tayler (2006). As expected, CCT also correlated with compressibility e^
and e|| corresponding to an equal effect size for measures of CRF. These results indicate that
the CRF correlation with compressibility represents the underlying relationship between CCT
and compressibility rather than responding to an intrinsic material characteristic.
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On further analysis6 (Figure 13-25) 98.5% (adj. R2 of the model) the CH variability was accounted
for by ocular biometrics (corneal astigmatism and limbal length) as well as velocity and
deformation amplitude characteristics of the second corneal applanation. In comparison CRF
represents some information about intrinsic material properties (hysteresis [e^]) but is also
affected by the corneal deflection during the first and second applanation (A1 time,
deformation amplitude at A1 and A2), 98.0% adj. R2 of the model. These observations suggest
that since time to first applanation was a significant predictor of CRF, this metric is unlikely to
be independent of IOP derived from NCT measurements as suggested by the manufacturers.

Figure 13-25: Multiple regression analysis for CH (a) and CRF (b) (113 eyes). Left diagrams show the observed
value vs. the predicted value using the equation stated below the diagram (95% prediction bands) and the right
image shows the corresponded residuals. Residuals did not show a systematic error.

6

A multiple regression analysis was used to predict CH and CRF including ocular biometrics, corneal biomechanical
properties but also all vector and scalar parameter describing the corneal deformation during an air puff application
(Chapter 9.3.3 page 151). The sample population’s eyes were randomly allocated into two groups, one group was used to
model the parameter and the other group was then used for verification.
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The application of the analyses is limitated since the vectors and scalars for describing the
corneal deformation caused by an air puff and the underlying airflow pressure were derived
from the CST and not the ORA. It is likely that the corneal deformation characteristics during an
ORA measurement differ to that of the CST due to the differences in the pressure profile applied
(Chapter III section 7.4.3, page 125 et seq.). Despite these differences, ocular biometrics and
CST measures of corneal biomechanics and deformation were derived from the same eye and
thus, justifying their application to measures of ORA. It is likely that these assumptions may
partly explain the remaining error found in the prediction models for CH (1.5%) and CRF (2%).
13.5.4

Hypothesis 1: The biomechanical behaviour of the cornea differs across various
regions of the cornea

13.5.4.1

Novel corneal biomechanical properties

Significant regional differences (represented as within-subject variability) in corneal
biomechanics were found in the present study. Meridional differences corresponded to a weak
effect, but the compressibility for both types of strains was found to be significantly different
between the corneal zones. In the periphery, the cornea was approximately three times less
compressible than centrally. Aghamohammadzadeh et al. (2004) showed that the collagen
distribution and orientation differs between central and peripheral cornea. The corneal fibrillar
morphology and arrangement is denser in the peripheral corneal and limbal region
(Aghamohammadzadeh et al., 2004), which would result in a lower compressibility for both
types of strain. Interestingly, the material heterogeneity for lateral strain (compression) was
significantly different to the characteristics for longitudinal strain (stretching).
Regional heterogeneity of other corneal mechanical properties was either not significant or
corresponded to a weak effect. Indeed, dynamic E-Modulus for both types of strains were found
to be relativity homogenous across the cornea. The most consistent parameter was the corneal
rigidity for longitudinal strain with a within-subject variability of less than 2% and a sample
spread of CoV 2.83%. These observations suggest that physiologically the mechanical stability
of the anterior ocular surface needs to be homogenous to maintain its role as an optical and
protective layer of the eye.
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The anisometropic E-Modulus has been assessed via extensiometry or pressure-volume
experiments on enucleated porcine or bovine eyes; these studies have found the E-modulus to
be greatest along the vertical axis (S, I), followed by the horizontal (N, T) and diagonal (IT, IN, ST,
SN) meridians (Boyce et al., 2007, Elsheikh et al., 2008b, Kampmeier et al., 2000, Nyquist, 1968a,
Nyquist, 1968b). Hjortdal et al. (1995, 1996) assessed regional differences of the E-Modulus in ex
vivo human donor globes. Their findings supported the theory of regional heterogeneity of
mechanical properties, since they observed the E-Modulus to be highest centrally and lower
towards the periphery. Also, Dawson et al. (2008) found that corneal rigidity increased towards
the periphery, which would lead to smaller magnitudes of deformation depths and faster
backwards movements towards the periphery. Regional heterogeneity in corneal rigidity could
not be confirmed in the present thesis, rather rigidity was the most homogenous material
property. But, the magnitude of strain decreased with increasing radial distance for longitudinal
strain. However, interestingly the lateral strain increased towards the periphery. In comparison
to the present study, where relatively low levels of stress (0.01MPa maximum) were applied in
vivo via NCT, the Hjortdal study was conducted under much higher levels of stress (up to 6MPa).
Such methodological differences restrict the comparability of the findings from the current
investigation and those from the literature.
However, forces affecting the cornea under physiological conditions, i.e. from blinking or IOP,
are not limited to a certain part but distributed across the whole tissues, thus, only low level of
within-subject variability was expected.
13.5.4.2

CST metrics

Further evidence for regional difference in corneal biomechanics stem from the CST metrics.
The intraindividual differences of the dynamic corneal response was found to be significant for
all parameter and for both, meridional and zones. Peripheral corneal measures were found to
be faster with deeper and wider levels of indentation
Furthermore, the intraindividual differences for A1 and A2 characteristics were found to be
higher than at HC. Especially the variability in A1 across the cornea has further implication for
clinical use, since IOP is estimated by the time point when A1 occurs. The intraindividual
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variability could explain some proportion of the intraindividual uncertainty in IOP
measurements.
In view of the strong association between CST metrics and ocular biometry, the heterogeneity
observed for the corneal biomechanics is likely to partly reflect the variation in biometry across
the cornea. To further investigate this association, causality analysis could not be carried out
with the present study and requires more specific evaluation.
13.5.4.3

ORA metrics

Hitherto, no study has assessed regional variation of the ORA’s corneal metrics ex vivo nor in
vivo. Although, the peripheral values were found to be on average significantly different to the
central values, the effect was a weak. The largest and most consistent change between central
and peripheral measurements was found for WFS measures of the superior region WFS (91% of
the cases showed a higher value superior to centrally).
CH and CRF failed to show overall consistent intraindividual changes for all meridians. However,
the comparison between regional values seems to be limited since the pressure curve varied
significantly between the measurement regions. Across the peripheral regions, the amplitude
of the pressure curves provided by the ORA, were higher than central measures, and greatest
superiorly. Reichert claims that the air pressure characteristics during the ORA measurements
vary in accordance with the corneal rigidity (Luce, 2005b), as supported by the results from the
present study. However, adjustments to the air pressure applied would require prior knowledge
of the corneal biomechanics. Since the air puff application was shown to be relatively
stable (Chapter III section 7.4.2, page 120), and lasting for a short period of time (95%CI 22.285
to 24.438ms), it is not possible to adjust the air puff characteristics for an individual eye. As such
it may be assumed that a programmed algorithm retrospectively corrects the ORA pressure
curve for the measured values.
Inaccessibility to internal data concerning the cylinder pressure limits an independent
assessment of the pressure curve detected by the ORA and identification of any correction or
adaptive changes for individual corneal biomechanics. In view of this further discussion in
regard to the regional differences in pressure curve amplitude are restricted.
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13.5.5

Hypothesis 2: The biomechanical behaviour of the cornea is dependent on
demographic factors of the subject

13.5.5.1

Novel corneal biomechanical properties

Changes in the collagen fibrillar morphology and arrangement, as well as differences in the
collagen matrix, may lead to alterations in corneal biomechanical properties under certain
circumstances. An increase in the cross-linking of collagen fibres was found with increasing
age. Furthermore, an increase in the diameter of collagen fibrils, glycation-induced expansion
of intermolecular spacing, as well as a decrease in the interfibrillar spacing of the corneal
collagen has been noted with increasing age (Meek et al., 1987, Newton and Meek, 1998, Boote
et al., 2006, Elsheikh et al., 2010b, Meek and Knupp, 2015, Lewis et al., 2016).
Despite such evidence for physiological changes with age, no significant effect of age was
found for any calculated measures of corneal biomechanics, however when comparing the age
groups a trend towards corneal stiffening could be observed. It is likely, that the age restriction
in the study design limited detection of these changes.
CCT is known to differ with ethnicity (Chapter I section 1.3.3, page 17) and as such it may be
anticipated that these differences also translate to biomechanical variation. The present study
found that African eyes were more damped and compressible than eyes of other ethnic groups.
Although significant, the differences were small in comparison to the central mean. Unequal
sample sizes within the ethnic groups are likely to explain the small effect observed.
13.5.5.2

CST metrics

In the current investigation, CST parameters were not found to differ significantly between
gender, but characteristics of A2 were altered by ethnicity and age. Specifically, the velocity of
the central cornea during outward movement decreased by -0.002m/s per year of age (i.e.
cornea showed faster returned to its baseline status with progressing age). In support of these
observations Asaoka et al. (2015) also did not find a gender effect on measures of CST, but
reported that age was a significant predictor of CST metrics (Asaoka et al., 2015).
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13.5.5.3

ORA metrics

It has been reported that ORA metrics vary with demographic characteristics and ocular
biometry (Abitbol et al., 2010, Kamiya et al., 2009, Kotecha et al., 2014, Leite et al., 2010, Montard
et al., 2007, Streho et al., 2008, Tejwani et al., 2015).
In the present study, CH in females was higher than in males by +0.72mmHg at the central
cornea. The magnitude of the gender difference is similar to the results found by Fontes et al.
(2008) and Khalid et al (2016); although their sample population represented different ethnical
groups as the present study, healthy Brazilein and Saudi subjects respectively (Al-Arfaj et al.,
2016, Fontes et al., 2008). Nevertheless, the clinical significance of the gender differences is not
finally established, since the average differences lies within the CH variance of the overall
population.
Various studies have reported ethnicity to affect ORA metrics (Aghaian et al., 2004, Brandt et al.,
2001, Detry-Morel et al., 2012, Kniestedt et al., 2006, Haseltine et al., 2012, Leite et al., 2010,
Sullivan-Mee et al., 2008). Leite et al. (2010) observed significantly lower CH and CRF in healthy
black Afro-Caribbean eyes compared to white Caucasian subjects but when these results were
compensated for CCT and age the differences were non-significant (Leite et al., 2010). Similar
results were found by Haseltine et al. (2012) where eyes from black patients had significantly
lower CH than other ethnical groups, when independent of CCT (Haseltine et al., 2012). The
present study did not find significant differences between ethnicities for any of the ORA metrics.
A reduction of CH of approximately -0.25mmHg and CRF -0.29mmHg per decade has been
reported (Kotecha, 2007, Terai et al., 2012b). Elsheikh et al. (2008) also reported CH to be reduced
with age. Significant age dependencies for ORA metrics were not found within the present
sample population, although a trend was detectable for both CH and CRF (r=-0.288 ns, r=-0.239
ns); which can be mainly explained by the restricted age range (18 to 40 years).

- 375 -

Chapter VI: In vivo human eye study
13.5.6

Hypothesis 3: The biomechanical behaviour of the cornea correlates with various
ocular biometric parameters

13.5.6.1

Novel corneal biomechanical properties

Ex vivo studies on porcine corneas have shown that the E-Modulus increased approximately
linearly with IOP in a range between 0 to 75mmHg (Elsheikh et al., 2007, Orssengo and Pye, 1999).
However, ex vivo experiments (Chapter IV section 10, page 194 et seq.) have shown, that a
linear relationship between the E-Modulus and IOP describes the association between both
only inadequately for NCT. Also, corneal thickness was found to influence mechanical
properties (Kling and Hafezi, 2017b, Pallikaris et al., 2010, Pallikaris et al., 2005, Pinero and Alcon,
2015, Ruberti et al., 2011). Both, could be supported by the present study for corneas in the living
human eye. IOP and CT significantly correlated with corneal compressibility for both e^ and e||,
EDyn (e^). However, using multiple regression analysis, only maximum 13% of the variability in
corneal kinetic parameters could be explained by CT and IOP, indicating that the procedure
and the resulting parameters for assessing mechanical properties of the cornea in living
humans are likely to display dominantly the intrinsic material properties of corneal tissues.
13.5.6.2

CST metrics

Whereas, CST parameters were not found to be strongly influenced by demographics, their
correlation with ocular biometrical values corresponded to a moderate to very strong effect
size. Corneal thickness parameter (CT and TP), limbus architecture, corneal density, axial
distances and corneal topography were found to have a high impact on the dynamic response
of the cornea detected by the CST. However, using ocular biometrics as predictors explained
maximum 40% to 60% of the variability in CST metrics, which is assumed to reflect the complex
interaction between ocular architecture and corneal biomechanical properties. Previous
literature focused on the correlation between CCT, IOP and CST metrics (Bao et al., 2016b, Joda
et al., 2016, Lanza et al., 2015a, Valbon et al., 2014b). In the present thesis, CCT was found to
correlate significantly with other ocular biometrics, like ACV, but also did not correlate with
ocular biometrics, like limbus architecture, refractive error and axial distances. The evidence
provided by the present study, suggests that the attempt to correct for only one ocular
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biometric characteristics underestimates the intraindividual complex structure of the ocular
architectures and its intrinsic characteristics.
13.5.6.3

ORA metrics

CH and CRF correlated with a number of ocular biometric characteristics (page 337). According
to the description of CH and CRF, the parameters were developed to be associated with CCT:
×

a thicker cornea would result in a higher capacity for viscous damping (CH) and also

×

in a higher resistance against deformation (CRF).

The positive relation between CCT vs. CH and CCT vs. CRF was revealed previously by
numerous studies (Lu et al., 2007, Chen et al., 2008, Kamiya et al., 2008, Schroeder et al., 2008,
Shah et al., 2006, Fontes et al., 2008, Franco and Lira, 2009, Lam et al., 2007, Lam et al., 2010,
Montard et al., 2007, Shah et al., 2007). Notable is that the effect size was found to be higher in
CRF than in CH, Table 13-24. The relation between CCT and ORA’s CH and CRF could be
confirmed in the present study, also the higher effect of CCT on CRF.
Additional to the association to CCT, it is evident that CH and CRF correlate with corneal
topography, AC characteristics and refractive error characteristics. Al-Arfaj et al. (2016) found
significant correlations between ACD, MSE, CCT and CH and CRF, but only CCT corresponded
to a moderate effect, other comparisons were found significant but weak.
Table 13-24: Correlation between CCT and CH or CRF in healthy human adults. Sample size, central corneal
thickness, correlation coefficient and differences in effect size are provided for each study.
n

CCT (µm)

CH

CRF

∆r (CRF – CH)

Present study

113

556.3 ± 41.64

0.331

0.464

0.133

(Al-Arfaj et al., 2016)

215

551.8 ± 32.87

0.412

0.447

0.035

(Chen et al., 2008)

43

358.84 ± 38.62

0.370

0.390

0.020

(Fontes et al., 2008)

150

545.05 ± 35.41

0.466

0.576

0.110

(Franco and Lira, 2009)

83

534 ± 33.1

0.500

0.607

0.107

(Kotecha et al., 2014)

212

550 ± 31

0.360

0.470

0.110

(Lam et al., 2007)

125

560.3 ± 22.7

0.300

0.380

0.080

(Lu et al., 2007)

20

481.1 ± 28.2

0.530

0.700

0.170

(Shah et al., 2007)

207 eyes

545.0 ± 36.4

0.420

-

-

(Touboul et al., 2008)*

258 eyes

-

0.350

0.650

0.300

* retrospective study
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In the present study, CH and CRF correlated significantly with corneal topography, corneal
volume, limbus architecture, AC characteristics, corneal thickness parameter and scleral
thickness. Strongest correlation (|r|>0.3) were found between CT and ST S-N (6mm) on CH; CT
and ST S-N (6mm), ST S-N (7mm) and CT on CRF. Moderate correlations were found for both
between limbus architecture, densitometric values, and corneal topography. Since CCT was
also found significantly correlating with ocular biometric values, a multiple regression analysis
was conducted to estimate the magnitude of variation in CH or CRF which could be explained
by ocular biometry. CT(PC) (|b|=0.564) and ACV(PC) (|b|=0.444) were found to be best predictor
for the central cornea’s CH. Using this model, only 20.5% of the variation in CH could be
explained. For modelling central cornea’s CRF, CCT (|b|=0.897), AVC(PC) (|b|=0.539), LT
(|b|=0.335), ST-N (|b|=0.252) and SR(P) (|b|=0.252) were found to predict CRF significantly. The
variation explained by this model was higher than of CH (39.1%). Although significant predictors
were found, the highest proportion of variance for CH and CRF could not be explained by ocular
biometry alone.

13.6 Conclusion
A novel method for assessing paracentral and peripheral measures of corneal biomechanics is
applied to healthy human eyes. The study provides significant knowledge about the distribution
of the in vivo characteristics of the corneal biomechanical properties and their association with
demographic and biometric factors. The corneal material characteristics showed a
heterogeneous character, which was evident via calculated measures of corneal biomechanics
as well as CST and ORA data.
Demographical dependencies could not be confirmed although a trend towards age
dependency was observed. The material characteristics did not show strong association with
ocular biometrics, but CST metrics and also ORA metrics were strongly altered by the ocular
architecture. Measures of ocular biometry and deflection behaviour during air puff application
can be used to predict ORA’s CH and CRF to 99% and 98% respectively.
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What we knew:
1.
2.
3.
4.

What we know now:

Ex vivo corneal biomechanical properties for
uniaxial stress, but also for inflation
experiments.
of
the
corneal
In vivo
assessment
biomechanical properties mainly due to
indirect measures by the ORA.
Corneal regional heterogeneity of the material
properties confirmed for enucleated globes.
Limited knowledge about the association
between ocular biometry and demographical
factors with corneal biometry (indirect, direct)
and for the dynamic response to an air puff.

1.

The cornea exhibits two different types of
strain during air puff application (longitudinal
and lateral strain), both are independent of
each other.
2. Central corneal rigidity and dynamic EModulus are very consistent within one eye but
also within a healthy human population.
3. Generally
corneal
biomechanical
characteristics show some level of regional
heterogeneity, mainly for lateral strain.
4. The healthy human adult population can be
grouped based on the central corneal
mechanics into subjects with rigid corneal
tissues and subjects with lower level of rigidity.
5. The corneal biomechanical properties are
mostly independent from ocular biometrics
and demographical factors, although an age
trend was detectable (ns).
6. CST and ORA metrics are highly regional
heterogenetic, strongly altered by ocular
biometrical
characteristics
and
demographical factors.
7. Corneal biomechanical properties contribute
to the information of the CST metrics.
8. Corneal biomechanical properties did not
contribute to the information contained by CH,
but weakly to CRF.
9. CH and CRF could be modelled using ocular
biometry and the dynamic response to an air
puff to 99%, 98% respectively.
10. The study provides are high-quality dataset for
further investigations.
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14 General discussion
The importance of corneal biomechanics in maintaining physiological ocular function are well
known. The magnitude and heterogeneity of ocular, and specifically corneal biomechanics is
relevant for a comprehensive understanding of ocular pathology. Furthermore, a detailed
understanding of the material properties of the anterior ocular segment is likely to be important
in refractive surgery and contact lens design development. Historically, the evaluation of
biomechanical properties of the cornea has been restricted to ex vivo experimental studies,
such as extensiometry or pressure-volume set-ups. In 2005, the Ocular Response Analyzer
(ORA) was introduced as the first device enabling in vivo assessment of the corneal
biomechanical properties via NCT (Luce and Taylor, 2006b, Luce, 2005b). The large body of
literature based upon the ORA, has further highlighted the clinical value of understanding
corneal biomechanics. However due to significant proprietary simplifications of the ORA
metrics, accurate characterisation of the corneal biomechanics has been limited.
More recently, the CorvisST (CST) was introduced, offering high-speed Scheimpflug imaging
during NCT; the device facilitates detailed analysis of the dynamic corneal response to airflow
pressure application (Hon and Lam, 2013). Through image analysis of the deformation event, the
CST software provides measures of almost 20 different parameters. The clinical value of these
parameters is still being investigated but the facility to examine the real-time deformation
profile of the cornea brings significant opportunity to assess raw images and develop novel
metrics to improve clinical characterisation of the cornea. When considering measures of
corneal biomechanics consideration needs to be given to the significant intra- and
intervariability and the influence of demographic and ocular biometric factors.
Thus, the present thesis aimed to:
1.

Evaluate current methods of examining corneal biomechanics using air puff noncontact tonometry (NCT).

2.

Introduce novel methods to investigate corneal material properties in vivo.

3.

Investigate

the

distribution

and

heterogeneity

of

corneal

biomechanical

characteristics, and its dependency on biometric and demographic factors.
4.

Provide a high-quality database for further studies, in regard to ocular biometry and
biomechanics in healthy human eyes.
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14.1 Summary
To evaluate current methods of assessing in vivo corneal biomechanics and to develop
improved characterisation metrics a comprehensive evaluation of the physical attributes of the
stress applied to the cornea is necessary, Figure 14-1.
As such, the first part of the thesis evaluated the repeatability of the spatial and temporal
distribution of the CST and ORA airflow and examined the influence of varying nozzle-to-cornea
distance. Initial examination estimated the spatial distribution of an air puff (Experiment I: Twodimensional shape characteristics of the CST air puff). Application of the CST air puff to samples
of calcium alginate demonstrated that the device produced highly repeatable crater
indentations (5.5%, n=100). The shape of the crater opening was found to show an elliptical
conformation, which may have been influenced by the experimental set-up.
Further analysis of the CST and ORA air puff characteristics was carried out with a gauge
pressure sensor (Experiment II: Analysis and evaluation of the NCT air puff pressure flow). The
maximal pressure was found centrally with the CST (96.4mmHg) after 15.013ms and lasted for
21.483ms; in comparison, the maximum pressure for the in ORA (91.7mmHg) occurred after
15.453ms and lasted for 23.061ms. The total spatial dimension of the CST and ORA air puffs were
45.2mm2 and 35mm2, respectively. The CST airflow pressure was highly repeatable, whereas the
ORAs showed lower levels of repeatability. The nozzle-to-cornea distance showed a significant
impact on the pressure magnitude.
In Chapters III section 8 and 9 the study examined the components of the corneal deformation
during application of the airflow pressure. The CST provides high-speed Scheimpflug imaging
during the indentation procedure. Using these images, the anterior and posterior surface of the
cornea were tracked over time and for the horizontal Scheimpflug-image plane. This procedure
results in a so-called displacement matrix (LCST[c,t,d]) representing the complete response of
the cornea to the air puff application.
The matrix was composed of three components: the initial corneal shape, the globe retraction
(so-called whole eye movement [WEM]) and the corneal deflection. The corneal deflection can
be seen as the pure response of the cornea to an air puff, thus containing the information about
the corneal strain during the air puff application (Experiment III: Globe movement during an air
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puff measurement). To isolate the corneal deflection component from the corneal deformation,
the initial shape and the WEM need to be removed from the corneal deformation matrix. The
initial corneal shape, could be removed by subtracting the y-position of the neutral plane at the
initial frame from the corneal deformation. But the WEM required further investigation. The
evaluation of the WEM via a high-speed camera system confirmed that the CST WEM represents
the bulbus retraction and protraction caused by the air puff during NCT. The maximum globe
retraction during NCT was found to be in the amplitude by 317µm after 21.8ms. The palpebral
aperture size was shown to have no significant influence on the bulbus retraction. The accuracy
of the amplitude and time were found to be 6.0%, and 1.4%, respectively. Significant nasal and
temporal asymmetry was observed for the bulbus retraction, which was found to affect
measures of IOP. The novel method determines the corneal deflection caused by an air puff
which was corrected by the WEM.
Knowing the distribution of the air puff (stress) and the isolated response of the cornea to an air
puff (strain), novel corneal biomechanical properties were derived (Experiment VI: Novel ocular
biomechanical parameter). By tracing the anterior and posterior corneal surface of the CST
Scheimpflug images raw measures of dynamic corneal changes were extracted. Applying
material engineering laws to these measures provided the means to derive novel kinematic and
kinetic mechanical properties during dynamic load of the cornea. The within-subject
repeatability for longitudinal and lateral strain were found to be in the order of 6.9% and 2.6%.
Overall, the repeatability of the kinematic and kinetic parameters was found to be high.
Since it is assumed, that the corneal biomechanical properties are dependent on IOP, the novel
parameters needed to be evaluated for their variability and dependency across a wide range
of IOPs (Experiment V: Evaluation of corneal biomechanical properties using ex vivo
manometry). Using ex vivo porcine eyes and a manometry set-up, no significant differences
were observed for variability of corneal biomechanics across manometry intraocular pressure
(MIOP) levels between 13 to 50mmHg (ICC longitudinal strain 0.889, lateral strain 0.655). The IQR
correlated positively with MIOP for the maximum strain, the time when the maximum strain
occurred, hysteresis (e^) and EDyn (e^) (|r|>0.3 p<0.050). The EDyn and compressibility for
longitudinal and lateral strain were significantly impacted by MIOP (pred. R2: 0.549, 0.404). Using
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kinematic and kinetic material properties as predictors, the MIOP was modelled by A1(length),
EDyn (e^), A1(t) and e||(t0) (verification: adj. R2 of 0.789 [p=0.000]).
Much of the literature on in vivo corneal biomechanics concerns the central cornea and little is
known about the material properties of paracentral and peripheral regions. Therefore, to
address this shortfall in the literature Chapter V section 11 describes a novel set-up to assess
the peripheral cornea along the horizontal and vertical meridians with the CST and ORA
(Experiment V: Experimental developments for assessing the regional variation of corneal
biomechanics in vivo). The study examines the validity and reliability for off-central measures of
corneal biomechanics. Paracentral and peripheral zones were considered as 40% and 80%
distance from the centre, which equated to distances of 60% and 20% from the limbus
respectively. Although the proposed method exhibited several limitations, nine clearly
distinguishable corneal positions were assessed with the CST, and five during ORAmeasurement.
To provide a normative dataset for further studies, an exploratory one-visit, prospective, crosssectional and partly randomised study was conducted, assessing healthy, human adults (n=113;
71% females; aged (24.5 ± 6.11) years) (Experiment VI: Ocular biometry). A novel method was
developed to analyse the corneal thickness profile across the entire cornea; the data revealed
four different profiles to characterise peripheral CT. The geometrical distortion of AS-OCT
images using Casia SS-100 OCT was evaluated and it could be shown, that when using the
recommended set-up, the geometrical distortion of the OCT images was negligible. A novel
method to analyse the limbus architecture using AS-OCT imaging was proposed. The intra- and
interobserver reliability of limbus and scleral thickness measurements using AS-OCT images
was found to be high (ICC>0.8). The interdevice comparison between WAM-5500 and OPD-Scan
III showed no significant difference. The study provides substantial and comprehensive
knowledge of the ocular biometry in healthy human adults (study with the largest sample size
in controlled conditions assessing the included parameters). Intraindividual differences in
topography, corneal thickness, anterior chamber characteristics and scleral profile are
discussed. The corresponding effect size of significant effects of demographics and intereye
correlation on ocular biometry was found to be weak for gender and ethnicity but moderate to
strong for age.
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The influence of both ocular biometry and demographical factors on measures of corneal
biomechanics were examined (Experiment VII: Corneal biomechanics of healthy, human, adult
eyes). The study found that the cornea could be described as a viscoelastic, damped system
for longitudinal strain (stretch or elongation) and a highly oscillating system for lateral strain
(compression). The cornea was found show homogenous tendencies in regards to its rigidity
and EDyn whereas other material characteristics showed higher level of heterogeneity, largest
variation was observed for compressibility. Demographic and biometric characteristics
showed no significant effect on corneal biomechanics. Whereas the dynamic corneal response
assessed by the CST and the ORA metrics were found to be highly dependent on the ocular
architecture. Using ocular architecture and CST parameters concerning the dynamic corneal
response as predictors, a linear regression model that explains the variability of ORA measures
of CH and CRF to 99 and 98% is proposed.
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Figure 14-1: Flowchart of the summary of the present thesis
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14.2 Limitations of the current work
14.2.1

Experimental studies on the airflow pressure

The experimental set-up for assessing the spatial and temporal airflow of the CST and ORA
exhibits some limitations. The largest source of random error affecting the airflow pressure
magnitude, stemmed from the pressure sensor uncertainty. To reduce this error the detected
signal was smoothed by using a Fourier-smoothing procedure. Regarding the temporal
distribution, the uncertainty, was based on the temporal resolution used to detect the signal.
The temporal resolution varied between 4,330Hz and 11,900Hz, thus, a maximum random error
of 2,165Hz (4.5 × 10-4s) was introduced. The spatial distribution was assessed using a grid for
aligning the CST with the sensor opening, whilst for the ORA the pressure sensor was moved to
align with the tonometer head. The random error for the CST spatial distribution was 0.01mm
and for the ORA 0.25mm. To further reduce the magnitude of random error for the spatial
distribution, each measurement was repeated 10x and the average used as single value. A
calculation of the error propagation was neglected, but should be considered when using the
values for simulation purposes.
14.2.2

Mathematical derivation of the novel parameters

The mathematical derivation of the WEM procedure and the novel parameters demonstrated
several limitations. Here two critical simplifications need to be considered. First off all, the
matrix LCST(c,t,d) which was the basis for all further calculations, contained the y-position of the
corneal anterior and posterior surface across the measurement area and over time. Both
surfaces needed to be simplified to dynamic continuous lines rather than assessing specific
corneal regions. It was not possible to trace individual cell accumulation to assess the real
displacement in x and y directions. However, it is assumed that the magnitude of this error on
the distribution of the derived material properties is negligible, since the derivations were
mainly based on integral procedures rather than discrete topology.
The second critical point was the assumption that the corneal tissue can be categorised as a
viscoelastic material. To verify this assumption, the stress-strain relationship for the dataset
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(human, healthy, adult corneas) was analysed and it was shown that the dynamic E-Modulus
can be quantified as a scalar, thus the assumption was accepted to be valid.
14.2.3

Ex vivo experiments

Ex vivo experiments exhibit inherent limitations which restricts their transferability to human
corneal biomechanical properties. An enucleated porcine globe experiences shrinkage and
degradation due to the lack of aqueous humour dynamics (Sanchez, 2014). The decomposition
of these eyes throughout the experiment was carefully monitored so that any eye overtly
compromised was excluded from the analysis. Despite the attempts to control for this error its
effect on the biomechanical properties cannot be excluded. Glass et al. (2008) demonstrated
that an ex vivo cornea swells and the optical transparency decreases post mortem, which could
be confirmed with the present experiment (5% CT increase and 4% transparency loss) (Glass et
al., 2008). This tissue degradation may influence the biomechanical behaviour of the cornea
(Hjortdal and Jensen, 1995).
14.2.4

In vivo human investigations

The global aim of the present study was to describe novel findings of in vivo corneal
biomechanical properties within a healthy population and associated demographic, ocular
biometric and NCT metrics. For this, an exploratory, prospective, cross-sectional study was
conducted, including healthy adult subjects. A cross-sectional study is the most recommended
study design within the field of descriptive epidemiology and provides the possibility to gain
information about creating potential hypotheses but also to test research hypotheses within a
limited spectrum, additional to the possibility to describe the distribution of the characteristic
of interest within a specific population. A cross-sectional study has the benefit - when using a
representative sample population - that the distribution of the characteristics of interest can be
translated to the target population (Kreienbrock et al., 2012).
Another advantage of this type of study is the short duration and the comparatively reasonable
expense. The disadvantage of such research design is that it is only conditionally suitable to
explain causes for physiological variety or diseases. Because of studying the sheer prevalence,
the timing of cause (exposure) and the result (temporal variation or disease) is ignored
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(Kreienbrock et al., 2012). The ignorance about the latent sequence of exposure and prevalence
is also a reason why this type of study design can provide evidence for generating hypotheses,
but in consideration of etiological relationships, the decision should fall on cohort and casecontrol studies (Gordis, 2001). The simultaneous presence of exposure and prevalence or
incidence does not have to be causal, but can be based on the outcome or an exogenous
factor. These circumstances cannot be conclusively clarified with the method of the crosssectional study, which is why it was not possible to conclude a cause-effect relationship by the
present scientific observations (Sackett and Haynes, 2002). For example, reasons for the high
heterogeneous character of the CST metrics, could not be explained by this type of study and
rather needs a case-control or cohort study design.
Due to the choice of the study design and the associated weaknesses, it could not be
conclusively evaluated if outcomes from the present studies were significantly different to the
distribution of the target variables found in other studies. For example, the clustering of the
sample population might not agree with other studies, as measurements were taken by other
devices or the examined subjects have been altered by different environmental factors. Such
deviations cannot be explored in cross-sectional studies, but require the use of complex cohort
designs.
A particular weakness of the present study was the included sample. The target population was
defined as the healthy UK population with diverse ethnic backgrounds and physiological
variation in ocular parameters. During the time of the data collection for the present study, the
UK population within the age range between 18 to 40 years was on average (23.1± 5.74) years
(Statistics, 2016), ethnical distribution: 3.3% African, 7.5% Chinese Asian and British South Asian,
and 86.0% Caucasian (Statistics, 2017). The sample population was recruited from the students
(64.6%) and members of staff (7.1%) of the Plymouth University UK and the South-West England
population (28.3%). The age, gender and ethnical distribution within the sample differed
considerably from the target population, Table 14-1. Demographical factors such as age,
gender and ethnicity were shown to significantly impact the subject’s ocular biometry and thus
presuming their corneal biomechanical properties. Throughout the recruitment process,
attempts were made to include a wide variety of subjects to meet the required distribution
(Appendix A-13, page A-36 et seq.). The highest influencing factors were the study duration and
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the location of the research centre. The study was designed as a one-visit investigation, with an
examination time per subject of three hours and the subjects were not allowed to drive after
the examination due to the application of mydriatic. The location of the research centre was
outside the main city. Also, the participants were not financially rewarded nor travel expenses
paid. These four circumstances impeded the recruitment process significantly and led to a
distortion of the sample population distribution. The differences between target and sample
population limit the assignability of the present results to a wider population and should be
considered in further studies.
Table 14-1: Comparison between the demographics of the target population (numbers for years between
2014 and 2016, Statistics, 2017) and the sample population of the present study.
Age group

Population size
Total

Female

%

Total

Male
%

Total

%

Target population (numbers in thousands)
Total

17,260

8,594

49.8%

8,668

50.2%

18 to 24 years

4,316

25.0%

2,115

24.6%

2,202

25.4%

24 to 30 years

4,472

25.9%

2,223

25.9%

2,249

25.9%

30 to 40 years

8,472

49.1%

4,256

49.5%

4,217

48.7%

Sample population
Total

113

-

80

70.8%

33

29.2%

18 to 24 years

67

59.5%

53

65.8%

14

43.5%

24 to 30 years

24

20.9%

15

18.8%

9

26.1%

30 to 40 years

22

19.6%

12

15.4%

10

30.4%

Total number of population between 2014 and 2016: 65,145; female 33,048; male 32,098

Evaluating cross-sectional studies, one type of systematic error, the response bias has to be
given special attention (Kreienbrock et al., 2012). The response error is due to a systematically
lower or higher sample rate in a certain subgroup of the population. Depending on exposure,
disease and disease status, a different motivation to participate in the study may prevail. This
circumstance could lead to a systematic over or under-assessment of prevalence or correlation
within the study group (Petroczi and Nepusz, 2011, ICH, 2016). In the present study, attempts
were reducing the response bias by aiming to exclude (prior or post to data collection) all
willing subjects with interfering characteristics, since the present study targeted healthy human
adults. Also, the recruitment process was designed to be as inclusive as possible (Appendix A13, page 36 et seq.) by analysing and adapting the readability of the information and consent
letter. Various media were used to make the study public and to achieve a heterogeneous
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collection of subjects. Therefore, a possible selection bias was not considered to be
substantial. Nevertheless, it cannot be estimated whether the willingness to participate in
subjects with symptoms, not included within the exclusion criteria, was significantly different
than in subjects without those symptoms. To maximum reduce this systematic error, a certain
pool of participants should be created from which participants should be selected randomly in
further studies.

All methods and data procedures used in the present thesis were evaluated either via literature
review or, for newly developed methods, by conducted repeatability studies:
×

Chapter III: section 7.3.4.2, page 109; section 8.3, page 146; section 9.4, page 187;

×

Chapter VI: section 10.4.1, page 205;

×

Chapter V: section 11.4, page 240; section 12.3.5.2, page 282; section 12.3.7.1, page 293.

Only methods showing at least moderate reliability were included in the examination
procedure. Another critical element of the study design was the high number of measurements
on the same eye in one visit. Thus, attempts were made to minimise the introduced error.
Randomization was used throughout the procedure to distribute potential errors as equal as
possible (Appendix A-13, page A-32 et seq.). Randomization was conducted prior to the data
collection and allocated to the subject’s ID. Included were the order of eye side which
concerned the complete study, the NCT used first (CST or ORA) and within the selected NCT,
the order of corneal positioning. The protocol for the present study also instructed a pause
between each NCT measurement depending on the device used. The reliability studies were
used to investigate whether the order of NCT positioning had a significant influence on the
results. The repeated measurements revealed no significant differences between results
obtained at different times within the assessment series. Worthen et al. (1974) also showed that
repeated NCT measurements do not alter systematically IOP readings (Worthen et al., 1974). In
conclusion, an influence of the multiple measurements on the result cannot be completely
excluded, even if an attempt was made to reduce the potential error.
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In addition to the descriptive objective, aim of the study was to answer three hypotheses. The
chosen procedure to answer those included interferential statistics with a 2x2 or 3x2 design.
Effect sizes are provided throughout all analyses in the previous Chapters. For all results marked
as strong, the Post hoc power did not fall under 0.80. Although, a beta error of 0.10 (0.90 power)
was aimed, the results showed that in some of the novel parameters tested, the variability
exceeded expectations, so that the 0.9 power could not be respected. The study was designed
with an exploratory character, thus, did not aim to confirm potential findings.

14.3 Conclusion
This thesis provides novel and comprehensive analyses of corneal biomechanical properties
considering theoretical assumptions, engineering science, physiological variability and clinical
application. Novel findings concerning the heterogeneity of corneal biomechanics and
associations to surrounding structures are provided. This final data set provides an important
reference database for further clinical investigations and simulations.
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15 Future work
The thesis presents the findings of an exploratory research project. The studies and
experiments conducted aimed to gain information for defining possible hypotheses about
corneal biomechanical characteristics and to provide a high-quality database for further
investigations. Explicitly further clinical research needs to be conducted to evaluate the novel
methods and parameters in regard to their sensitivity to discriminate between healthy,
suspicious and pathological corneal tissue. The present study already achieves essential
characteristics for future clinical trials, such as robust study design, references groups, target
variables and examination methods. The validation of the proposed methods will be in the
concordance of the guideline from the Clinical and Laboratory Standard Institute (Krouwer et
al., 2006, Krouwer, 2010, Kreienbrock et al., 2012, CLSI, 2017), and thus, following a three-step
approach. This thesis focused on Levels 1 and 2.
×

Level 1: Analytical validation of the method (i.e. accuracy, precision and linearity.). In CLSI
guidelines it is recommended that analytical validation is carried out with the use of a static
reference body (Krouwer et al., 2006, Krouwer, 2010, Kreienbrock et al., 2012, CLSI, 2017).

×

Level 2: Diagnostic validation using randomised cohort or case-control studies,
considering demographic factors (age, gender, etc.) and involving subjects with different
exposure and various symptoms. The detection of possible intervening factors, e.g. age,
hormones, smoking, etc. is essential. Based on these data, a first evaluation of the sensitivity
and specificity can be made.

×

Level 3: In a controlled prospective study the methods and parameters will be tested in
patients with suspected or confirmed diagnosis, and the result will be confirmed by a
defined and recognised gold-standard technique. Based on the results of such a study, cutoff values will be determined (Hazra and Gogtay, 2017, Hajian-Tilaki, 2017).

15.1 Level 1: Analytical validation of the method
The present thesis provides evidence concerning the physical attributes of the pressure
applied to the cornea during NCT. To widen the applicability of the proposed parameters
(strain, hysteresis, damping, rigidity, compressibility), e.g. for scleral measurements, a system
needs to be developed to combine the application of the air puff with e.g. OCT imaging.
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The method proposed in the present study to map the NCT airflow pressure was sufficient for
the measurement of the two devices (CST and ORA), but is not suitable for series
measurements on several devices, since data acquisition and processing is time-consuming.
Thus, a pressure sensor needs to be developed which is capable of detecting such small
(<20kPa) and short (<50ms) stresses as in NCT. To this end the developmental process for such
a sensor is already underway. The work assesses the viability of thin film nanocomposite
sensors incorporating graphene for spatially mapping the NCT air flow.

The thesis provides a set-up for pressure-volume experiments assessing the corneal
biomechanical properties ex vivo. Future pressure-volume experiments will include the
assessment of the air puff application on corneal tissue, e.g.:
×

Anisometropia and heterogeneity of corneal biomechanical response to an air puff will
include the analyses of the heterogeneity of the biomechanical parameters in animal and
human donor eyes at distinct intraocular levels (assessed via manometry). At each pressure
level, the eye will be firstly measured on-axis and then stepwise off-axis three times
consecutively using the CST. The off-axis measurements are divided into four groups:
horizontal, vertical, angular and combined offset.

×

Influence of the eye-nozzle distance: The study will assess the influence of different
distances between the eye and air puff nozzle at various MIOP level. Initially the distance
between eye and nozzle will be 1.0cm. The distance will be changed in 2mm increments with
a range of ±6mm.

15.2 Level 2: Investigations for assessing intrinsic and extrinsic influencing factors
on corneal biomechanical properties
The present thesis provides a high-quality database for normative data on ocular biometrics
and corneal biomechanics and their association between each other but also with
demographical factors in healthy human adults. However, the strict study design prevented the
evaluation of a range of intrinsic and extrinsic factors on corneal biomechanics, like age
dependencies, lifestyle, hormonal influences, diurnal variation. Case-control or cohort studies
using the same methodology and protocol are aimed to be conducted evaluating those
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influences, and finally to allow a discrimination between physiological variability and
correlations to other factors on corneal material properties.

15.3 Level 3: In vivo human eye studies assessing pathological subjects
Further research will seek to assess corneal biomechanics in keratoconic eyes. Keratoconic
changes are focal and localised to certain regions of the cornea and the early detection of these
changes is still challenging for clinicians. Screening methods include corneal topography which
provides an evaluation of the curvature of the anterior corneal surface, tomography for
assessing the morphological features of the anterior segment and aberrometry for assessing
the optical aberrations of the eye. More recently a growing body of literature suggests that the
biomechanical destabilisation of the cornea may precede topographic and tomographic
evidence of keratoconus (Scarcelli et al., 2014a, Pinero et al., 2010). Corneal collagen
crosslinking is an emerging technique which aims to increase the biomechanical strength of
the keratoconic cornea. The technique was first reported in 1998 (Spoerl et al., 1998) and has
progressively shown good success in slowing down the progression of keratoconus and
preventing ectasia. The technique is based upon application of riboflavin (vitamin B2) as a
photosensitizer (after epithelium removal), and subsequent irradiation of the cornea with UVA
to increase the formation of intra- and interfibrillar covalent bonds via photosensitized
oxidation (Wollensak et al., 2003, Wollensak and Spoerl, 2004, Wollensak and Iomdina, 2009).
These newly formed cross-links between the collagen molecules results in an increased
biomechanical strength of the cornea. Despite strong evidence of changes in the
biomechanical properties in human (Beckman Rehnman et al., 2014, Scarcelli et al., 2014a) and
animal eyes (Wollensak and Spoerl, 2004) following CXL, there is a significant need for
commercially available instrumentation to provide accurate measures of biomechanical
changes in vivo. The clinical validation of the methods developed in the present thesis are
currently underway (ClinicalTrials.gov Identifier: NCT02476149; http://www.biomechanics-ofthe-eye.com).
The aim of this study is to assess the deformation behaviour of the anterior eye surface in
different levels of ectasia and before and after CXL treatment. The results will then be compared
with the findings of the present thesis and aims to answer three hypotheses:
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×

Hypothesis 1: Keratoconic corneas are less rigid than healthy corneas.

×

Hypothesis 2: The biomechanical behaviour of the cornea differs in various regions of the
cornea depending on the ectasia region.

×

Hypothesis 3: The biomechanical response of the cornea depends on the progression of
the keratoconus.

The exploratory study is a two-visit, prospective, cross-sectional and partly randomised
research project. The target population is described as the UK population with keratoconic eyes
at different levels of ectasia before and after CXL treatment, with diverse ethnic backgrounds
and physiological variation. The principal investigators will carry out the data collection at the
Nuffield Health Plymouth Private Hospital and the Peninsula Allied Health Centre; Plymouth
University. This study conforms to the ethical principles of the Declaration of Helsinki, ICH
guidelines for Good Clinical Practice (GCP) and the Plymouth University’s Principles for
Research Involving Human Participants. The study aims to include 37 keratoconic subjects. To
date, 23 subjects are included have completed the first visit, and two subjects included finished
the data collection period. The study seeks to complete data collection in August 2018.
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A-3 Ocular biomechanical properties
Appendix for Chapter I section 3.3.1 (page 55): CorvisST
Quality factors and errors are calculated for assessing the quality of the parameters.
×

QS IOP:

Quality factor IOP

×

Error IOP:

Error factor IOP, based on quality score (QSIOP)

×

Pachy (μm):

Central corneal thickness at the apex

×

QS Pachy:

Quality factor Pachymetry

×

Error Pachy:

Error factor Pachy, based on quality score (QS Pachy)

×

QS:

Quality score for the reliability for the measurement

×

Error:

Error factor, based on quality score (QS)

×

Zonal K 7 mm:

Average radius of curvature in the initial state within the 7mm zone

×

SimK 3mm:

Radius of curvature in the initial state at 3 mm
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Appendix for Chapter I section 3.3.1.3 (page 58): Reliability of the measurement method
×

with courtesy of Oculus Optikgeräte GmbH (Data on files)
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Appendix for Chapter I section 3.3.2 (page 60): Ocular Response Analyzer
×

Normalised P1 area and P2 area: areas under the curves of Peaks 1 and 2, measuring 75%
of peaks height.

×

Normalised P1 area1 and P2 area1: areas under the curves of Peaks 1 and 2, measuring 50%
of peaks height.

×

Normalised h1 and h2: height of the signal Peaks 1 and 2, measuring 75% of Peaks height.

×

Normalised h11 and h21: height of the signal Peaks 1 and 2, measuring 50% of Peaks height.

×

Normalised w1 and w2: full width of signal Peaks 1 and 2 at 25% of the maximum of the
infrared signal peaks.

×

Normalised w11 and w21: width of signal Peaks 1 and 2 at half of the maximum of the infrared
signal peaks. These two parameters are also called by other authors FWHM1 and FWHM2.

×

Normalised aspect1 and aspect2: ratio between width (w) and height (h) of Peaks 1 and 2,
measuring 75% of peaks height.

×

Normalised aspect11 and aspect21: ratio between width (w) and height (h) of Peaks 1 and
2, measuring 50% of peaks height.

×

Normalised uslope1 and uslope2: rate of increase from base (at 25% of maximum of the
infrared signal peaks) to Peaks 1 and 2.

×

Normalised dslope1 and dslope2: rate of decrease from Peaks 1 and 2 (at 25%ofmaximum
of the infrared signal peaks) to base.

×

Normalised uslope11 and uslope21: rate of increase from base (at 50% of maximum of the
infrared signal peaks) to Peaks 1 and 2.

×

Normalised dslope11 and dslope21: rate of decrease from Peaks 1 and 2 (at 50% of
maximum of the infrared signal peaks) to base.

×

Normalised dive1 and dive2: distance from the from the first spike of Peaks 1 and 2 to the
top of the graph, measuring 75% of peaks height.

×

Normalised slew1 and slew2: ratio between dive and with (w of Peaks 1 and 2, measuring
75% of peaks height.

×

Normalised mslew1 and mslew2: the longest continuous line in peaks without a break,
measuring 75% of peaks height.

×

Normalised path1 and path2: absolute value of path length around the peaks, measuring
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75% of peaks height.
×

Normalised path11 and path21: absolute value of path length around the peaks, measuring
50% of peaks height.

×

Normalised A index and b index: number of times that the peaks change their direction,
measuring 75% of peaks height.

×

Normalised aplhf: high frequency “noise” in regions between peaks (normalized by product
of average of peak heights × width of region), measuring 75% of peaks eight.

×

Normalised Peak 1 and Peak 2: maximum heights of the corresponding infrared signal
peaks,

×

Normalised PIT: time between Time in and Time out,

×

Normalised Pmax: maximum value of the air pressure curve,

×

Normalised TPmax: Time al in which the maximum air pressure occurs

×

DID: damping-induced delay is the time between Time2 and the time corresponding to the
symmetrical position of P1 on Peak 2
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A-6 Two-dimensional shape characteristics of the CST air puff
Appendix for Chapter III section 6.2.2 (page 85): Preparation of the calcium alginate and
capturing the CST air puff imprint
Table A-6.1: Preparation of the calcium alginate and capturing the CST air puff imprint
#

Water

Calcium alginate

1-10

1ml – 11ml in 1ml steps

1g

11-20

1ml – 11ml in 1ml steps

1.5g

21-30

1ml – 11ml in 1ml steps

2g

8ml – 12ml in 0.5ml steps

1.5g

41-50

8ml – 12ml in 0.5ml steps

2g

51-60

8ml – 12ml in 0.5ml steps

2.5g

61-70 (-2)

9.5 – 10.5ml in 0.2ml steps

2.25g

31-40

Temperature

(18.4 ± 2.32)
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A-9 Novel ocular biomechanical parameter
Appendix for Chapter III section 9.5 (page 189): Case application
The following describes an example calculation for the central cornea of a 36-year-old, healthy,
female subject assessed with the CST. The raw data was exported from the CST software and
imported into Excel 2016 for Mac and MatLab 15b.
The initial step was to separate the components of the deformation matrix LCST(c,t,d) using the
procedure discussed in Chapter III section 8.2.3.2 (page 144 et seq.):
×

The whole eye movement (LWEM[c,t,d]),

×

The corneal shape (LCST[c,t=0,d]) and

×

The neutral plane deformation (LCD[c,t,d], Figure A-9.1a).

Following these initial calculations, the corneal thickness LCT(c,t,d) (Figure A-9.1b) and the arc
length matrices LArc(c,t,d) were calculated according to E 9-3 and E 9-5 (page 176). The
calculations of the biomechanical parameters were based on the LCD(c,t,d), LCT(c,t,d) and
LArc(c,t,d) and were normalised to the respective initial value (Arc[c,t=0ms], CT[c,t=0ms]). From
these the matrices L∆Arc(c,t,d) and L∆CT(c,t,d) were created. The scalars and vector were
extracted from the respective matrix in accordance with Table 9-1 (page 181):
×

The total arc length was calculated by the sum of arc lengths across the analysis area (4.000mm £ c £ +3.998mm).

×

The central corneal thickness was calculated at the corneal position of the highest overall
strain and thickness change was the difference between the corneal thickness at a certain
time point during the measurement and its initial value.

All kinetics properties were calculated based on the scalars arc length and thickness change.
The respective time-domain strain was derived from E 9-4, E 9-7 and E 9-8 (page 177 et seq.). The
respective phase shift was obtained by subtracting the time point of the maximum longitudinal
and lateral strain from the time point of the maximum stress, E 9-14 (page 183). Therefore,
negative values implicate a delayed corneal response and a positive value an advance
response.
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Both the longitudinal and lateral dimension changes were calculated, Figure A-9.1c and d. The
components of the kinetic modulus graph were used to assess the energy distribution in the
corneal tissue during NCT applanation, Figure A-9.1e. The corneal hysteresis was calculated for
longitudinal, transverse and total strain, E 9-15 (page 184) and Figure A-9.1f. Using the separated
load and unload functions, the average stress-strain was calculated. Based on the average
functions, the stored and lost energy was calculated using a graphical approach, E 9-17 and E
9-18 (page 185) and Figure A-9.1g. The damping parameter represents the relationship between
both types of energy, E 9-18 (page 185) and Figure A-9.1h. The relative corneal volume change
was estimated using the compression modulus and the compressibility, E 9-24 (page 186).
Based on the maximal longitudinal and lateral strain, the Poisson’s ratio was determined
according to E 9-22 (page 186). Furthermore, the force depending parameter rigidity, describing
the ratio between force and absolute strain, E 9-25 to E 9-27 (page 186 et seq.) and Figure A-9.1i.
The inverse of the rigidity represents the magnitude of the corneal resilience or elasticity. The
dynamic E-Modulus was calculated using the maximal strain and the associated stress, E 9-22
(page 186).
Table A-9.2: Novel ocular biomechanics of the central cornea
(Example: Healthy woman, ID 76 OS central cornea)
Interim
parameter

Interim calculation

Value

^

||

Total

^

||

Total

d

t(emax)

16.625

12.700

-

-1.614

2.311

-

EDyn

emax
s(emax)

198.8
11,199

0.117
5732

99.4
11,199

58.1

89,776.7

116.1

Hysteresis

Load: 𝜀𝜀̅
s(𝜀𝜀̅)

70.9
5066

0.06
3333

35.5
5066

13.8

1.1

13.8

318,363

361

158,981

450,090

170

225,091

-

70.7

212.4

70.6

0.389

-87.5

-135,280.7

-174.9

-

0.189

2.291

0.608

ELoss
EStore

Unload: 𝜀𝜀̅
s(𝜀𝜀̅)

68.6
3466

0.05
3466

34.4
3466

Load

1,286182

553

643,149

Unload

967,819

192

484,165

AUC 1

292,131

129

146,188

AUC 2

798,957

327

399,545

Damping
K
C

µ

^ = longitudinal; || = lateral; e(%)=strain; s(Pa)=stress; d(ms)=phase shift is the difference between maximal deformation
(^), maximal thickness change (||) and maximal applied airflow pressure; EDyn(Pa)=dynamic E-Modulus; ELoss(Nm)=area
between the load and the unload function in a stress-strain diagram; EStore(Nm)=area between the average stress-strain
function and the load, unload function, respectively in the limits of 𝜀𝜀̅ and emax and the respective pressure values;
K(Pa)=compression modulus; C(N/m)=rigidity
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Figure A-9.1: Matrices and scalars of the corneal deformation caused by CST air puff for a healthy, 36 years old
women, left cornea. The 3D maps of a) the neural plane displacements and b) the corneal thickness change
shows the temporal and spatial distribution of the respective parameter. c) The longitudinal strain (green) over
time in comparison to the air puff pressure (blue). The maximum elongation occurred after the maximum
pressure was reached. d) The lateral strain (green) over time in comparison to the air puff pressure (blue). The
lateral strain shows an oscillation during the maximum load. e) The kinetic modulus graph (entire strain) shows
that the unload function (light dotted) lagged behind the load function (strong dotted line), which is typical for
viscoelastic materials. Supplementary, the average function (red, dotted) was used to calculate the energy
distribution of the corneal tissue during the application of dynamic stress. f) The corneal hysteresis in
longitudinal and total strain was about 12x higher than for lateral strain. g) The obtained loss of energy was
smaller as the stored energy for longitudinal (^) and total strain, which results in a damped deformation. The
lateral strain showed an oscillation or creeping behaviour (loss of energy higher than stored energy). h) In total,
the cornea of this example was damped by approximately 71%. The damping of the lateral strain reveals an
oscillating system, as it is higher than 100%. i) The rigidity against compression is much higher than the rigidity
against the longitudinal strain. (© 2017 Oehring, D)
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A-10 Ex vivo evaluation of corneal biomechanics in porcine eyes
Appendix for Chapter IV section 10.3.2.2 (page 197): Globe holder

Figure A-10.2: The construction plan for the globe holder to ensure stability (© 2017 Oehring, D)

Procedure: Direct spherification
Two essential ingredients are needed for spherification: calcium chloride (CaCl2) and alginate.
Calcium chloride is salt, dissolves in water and releases positively charged calcium ions (Ca2+).
Alginate is a negatively charged polysaccharide. Direct spherification is because the positively
charged calcium ions accumulate between the negatively charged alginate molecules and thus
cross-links the sugar molecules of the alginate. The calcium-alginate network forms a solid shell
with a liquid core.
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Materials:
×

1 gram of sodium alginate

×

5 grams of calcium lactate

×

Three mixing bowls, water, hand mixer, spoon

The sodium alginate was added and mixed with 200ml water and set for 15min. In the second
bowl, 800ml distilled water was mixed with the calcium lactate and set for 2min. Using a curved
spoon, the sodium lactate solution was placed into the calcium lactate bath and let set for
further 3min. To stop the reaction, the now formed gelatin spheres were removed from the
calcium lactate bath and added in another bowl with distilled water, set for 1min and removed
and stored.
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Appendix for Chapter IV section 10.4.1.1 (page 206): Variability analysis
Table A-10.3: Variance analysis for the longitudinal strain characteristics using the Fishers-test. Provided are
the statistical F-values for the chronological pairwise comparisons between MIOP levels. Critical F was 3.179.
Comparisons

#1

#2

#3

#4

#5

Highest variability
in MIOP level

Smallest
variability in
MIOP level

Longitudinal strain
Maximum strain

2.5

3.0

3.9

5.6

6.1

Baseline

∆+30

Initial detection †

2.8

2.8

5.1

7.2

7.5

∆+37

Baseline

Time to maximum

1.4

1.5

1.8

2.2

2.7

∆+37

∆+15

Duration

1.2

1.5

1.5

1.5

3.8

∆+37

Baseline

Kinetic characteristics
Hysteresis

3.9

5.0

15.8

20.2

22.1

∆+37

Baseline

Damping

2.7

4.8

8.1

10.3

10.5

∆+30

∆+15

EDyn

2.4

3.1

4.0

5.4

9.6

∆+37

∆+8

Compressibility

4.9

8.5

13.1

179.5

276.6

∆+8

∆+37

Rigidity

1.0

1.4

1.5

1.7

1.7

∆+37

∆+15

†

First frame, when strain was detected

Table A-10.4: Variance analysis for the lateral strain characteristics using the Fishers-test. Provided are the
statistical F-values for the chronological pairwise comparisons between MIOP levels. Critical F was 3.179.
Comparisons

#1

#2

#3

#4

#5

Highest variability
in MIOP level

Smallest
variability in
MIOP level

Lateral strain
Maximum strain

1.1

1.6

1.9

2.3

2.9

∆+22

∆+30

Initial detection †

1.7

2.9

3.1

5.2

5.5

∆+30

Baseline

Time to maximum

1.2

1.4

1.6

1.6

1.7

Baseline

∆+30

Duration

1.6

2.1

2.1

2.5

4.9

∆+37

Baseline

Kinetic characteristics
Hysteresis

1.7

1.8

2.0

2.2

2.5

Baseline

∆+15

Damping

1.0

1.1

1.4

1.9

3.4

∆+37

∆+8

EDyn

2.7

3.6

4.0

5.4

10.0

∆+37

∆+8

Compressibility

1.6

1.7

9.0

21.3

32.7

∆+15

∆+37

Rigidity

1.2

2.7

4.2

7.0

20.0

∆+30

Baseline

†

First frame, when strain was detected
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A-12 Ocular biometry
Appendix for Chapter V section 12.2 (page 253): Examination methods
Keratograph 5M
The basic construction of the Keratograph 5M (Oculus Optikgeräte GmbH, Wetzlar Germany)
includes a screen, an optical imaging system and a control-evaluation unit, Figure A-12.3. The
shield consists of 22 Placido rings, which are arranged in a conical dome with a diameter of
68cm.

Figure A-12.3: Schematic construction of the K5M (© 2017 Oehring, D)

The optical imaging system is connected to a colour CCD camera, which is located directly
behind the centre of the shield. The connected computer controls the K5M and the evaluation
of corneal images. The K5M was used to assess the tear film, keratometry and pupillometry,
Figure A-12.4.

Figure A-12.4: Overview of the topography (© 2017 Oehring, D)
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Pentacam HD
The Pentacam system incorporates a rotating slit and Scheimpflug camera that provides highresolution images of the anterior segment. The Scheimpflug camera captures focused pictures
of the anterior corneal surface to the back surface of the lens. All recordings are analysed and
evaluated by the software. These data provide the basis for a freely rotatable, threedimensional model of the entire anterior segment. With a single measurement, the corneal
thickness, the central radii, the corneal asphericity, different curvature and height
representations of anterior and posterior corneal surface, the chamber angle, the chamber
volume, the anterior chamber depth and the opacities of the lenses can be objectively
determined. On the 3mm ring of the cornea, the two main meridians are determined. These are
defined as the meridians with an angle of 90° to each other. The front and the back surface of
the cornea is analysed.
Optical Coherence Tomography
Optical coherence tomography (OCT) is a form of imaging which provides cross-sectional
images of semi-transparent objects. OCT is mainly used as a medical diagnostic tool to achieve
high-resolution images of biological tissue. The resolution in depth (axial) is typically 7 to 15µm;
high-resolution systems even reach resolutions to 1µm (Povazay et al., 2002). The lateral
resolution is diffraction-limited, depending on the optical system, it ranges about 15 to 25µm.
The penetration depth is technically limited to several millimetres, approximately 1mm in
strongly scattering media. A measurement can be made without contact with the object,
thereby the distance to the object limit the penetration depth of the measuring. A measurement
can be carried out in a fraction of a second. Thus, cross-sectional images can capture in real
time. Light sources with short coherence length will be used in order to achieve high depth
resolution and separate the background from strong scattered light. The OCT can be roughly
divided into two measurement methods; time7 and frequency8 domain. Frequency domain OCT
(FD-OCT) has become widely accepted due to the higher measurement speed and sensitivity.
The spectrum can be recorded with a conventional spectrometer as well as sequentially

7
8

continuously measuring the intensity of the interference, without consideration the spectrum
continuously detecting the intensity of the interference of the individual spectral components
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recorded with a sweepable laser. The last method is called Swept Source OCT. The highest
recording speed can be achieved with this approach (Wieser et al., 2010).
Optical low coherence reflectometry
The laser interference biometrics is based on the principle of the partial coherence
interferometry (PCI). Infrared light (780 nm) with a short coherence length (approx. 160m)
emitted from a laser diode in a Michelson interferometer is divided into two partial beams of
different optical path length. In one leg of the two component beams is the eye to be measured
and in the other a photodetector. Both sub-beams are reflected on the cornea and the retina.
Interference occurs when the path difference between the beams is smaller than the coherence
length. The detected interference signal from the photodetector is recorded very precisely in
dependence of the metrological determinable position of the interferometer mirror. The
outcome is the optical path length between the cornea and retina. The axial eye length is
determined as the optical path length between corneal surface and retinal pigment epithelium.
The PCI used to measure the axial length of the eye was developed by (Fercher and Roth, 1986).
Optical biometry by partial coherence interferometry was implemented with the IOL Master
(Carl Zeiss, Jena, Germany) and the Lenstar LS 900 (HAAG-STREIT DEUTSCHLAND GmbH,
Wedel, Germany). The Lenstar LS 900 uses, in particular, the optical low coherence
reflectometry (OCLR). In a comparative study of immersion ultrasound biometry and optical eye
length measurement was shown that the optically determined values were generally larger than
the ultrasonic values (Haigis et al., 2000). The reason is that by ultrasonic measurement, the
distance from the inner limiting membrane to the corneal surface, wherein the interference
method, the distance is measured from the retinal pigment epithelium. Overall, there was an
excellent correlation between optical and acoustic immersion measurements (Haigis et al.,
2000). Optical biometry is an extension of the biometric possibilities. It is user-friendly and
patient-friendly, as no local anaesthesia is required, and there is no risk of infection transmission
or generation of corneal damages. Furthermore, a measurement is possible even in narrow
pupils. However, the optical biometry sets a minimum of cooperation of the patient in terms of
fixation and other preconditions, such as no corneal scars or very dense cataracts, ahead.
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The Lenstar LS 900 (Fa. Haag Streit, Germany) works on the principle of low-coherence
reflectometry. With this measuring method, the sections of the optical path, i.e. the distances
between all optical surfaces can be measured. For this purpose, all refractive indices of the
optical components must be known. OLCR is used to obtain a precise localisation of reflections
in a structure along the optical axis. OLCR has both a higher spatial resolution and higher
reflection sensitivity compared to direct detection techniques such as optical time domain
reflectometry and optical frequency domain reflectometry. The operation of OLCR systems is
known as a Michelson interferometer, a specific optical arrangement.
The Lenstar includes automatic keratometry. There are 32 data points used, which are arranged
on two circles of 2.3 mm diameter and 1.65 in the normal eye. The standard deviation of the
measured values is indicated on the measurement protocol in addition to the mean so that an
assessment of data quality is possible.
Refractive error measurement
The auto refraction is used to determine the refractive error of the subject. The WAM-5500 auto
refractor (Grand Seiko, Hiroshima, Japan) was used in this study to determine cycloplegic
refraction. According to the manufacturer, the spherical refraction can be measured in the
range between -22D and +22D in 0.01D steps. The cylindrical error is determined up to 10D and
0.1D steps. The axial position of the astigmatism is given by 1-180 ° in 1° steps.
The principle of operation for WAM-5500 is the Grid Focus method (GF) and a modified
Scheiner-principle. GFP is a contrast based detection algorithm. The, therefore, infrared light
will be sent to the retina, and the reflected light is detected and magnified with a series of
movable discs till the point the best contrast can be observed. Scheiner-method is using a dot
to analyse the refractive statue. The amount of the information of a distorted dot is very limited.
Thus, a ring provides a greater level of information than a dot. That is why the reflection image
using the WAM/5500 is an annulus. The deformation of this annulus can be directly related to
the refractive power during the test.
POLA Vista Vision
In this study, the POLA Vista Vision (DMD Med Tech) was used to examine the visual acuity. This
is a positively polarised LCD screen, which integrates a variety of different visual acuity charts.
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The 22’’ LCD screen has a reflection protection and a calibrated illumination and can be used
for monocular and binocular testing. A visual acuity range between 0.03 (0.3/10) to 2.0 (6/6) can
be examined. The optotypes can be shown randomly. The opening of the Landolt’s ring will be
presented by 100% contrast and at eight different directions. Thus, the rate probability is 12,5%
for each direction. The participant will be asked at which specific time the opening of the
Landolt’s ring is. For better understanding, the possible direction and associated times hung
above the test screen as a poster.
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Appendix for Chapter V section 12.3.1 (page 268): Corneal topography

Figure A-12.5: Graphical analysis (Tukey box plots) of the distribution of the corneal topography - (from left)
corneal radius, astigmatism, eccentricity (30°) and diameter – between a) female and male and b) ethnical
groups.

Figure A-12.6: Graphical analysis (Tukey box plots) of the distribution of the corneal topography between OD
and OS: a) corneal radius, b) corneal astigmatism, c) corneal eccentricity (30°) and d) corneal diameter. In this
sample, the white-to-white distance in the left eye was significantly longer than in the right eye (95%CI of
differences OS – OD: 0.021 to 0.098mm).
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Table A-12.5: Descriptive analysis of corneal topographic parameters within the subgroups eye side,
gender and ethnicity. Values displayed as mean ± SD. (BSA= British South Asian)
n

30°

S

I

N

T

ODa

113

0.55 ± 0.161

0.56 ± 0.272

0.53 ± 0.165

0.68 ± 0.199

0.45 ± 0.221

b

113

0.54 ± 0.173

0.58 ± 0.269

0.45 ± 0.221

OS

0.62 ± 0.235

0.51 ± 0.154

Differences

-

-0.02 ± 0.087

-0.02 ± 0.311

(-0.08 ± 0.146)

(-0.06 ± 0.117)

(0.05 ± 0.185)g

Femalec

80

0.56 ± 0.115

0.59 ± 0.213

0.51 ± 0.125

0.66 ± 0.142

0.48 ± 0.141

33

0.51 ± 0.243

0.50 ± 0.237

0.46 ± 0.270

0.61 ± 0.327

0.48 ± 0.225

Differences

-

-0.05 ± 0.051

-0.09 ± 0.054

-0.06 ± 0.056

-0.05 ± 0.068

-0.00 ± 0.049

African

3

0.62 ± 0.039

0.59 ± 0.064

0.58 ± 0.011

0.79 ± 0.053

0.54 ± 0.014

Chinese
Asian

4

0.56 ± 0.081

0.65 ± 0.058

0.43 ± 0.199

0.63 ± 0.095

0.52 ± 0.039

Caucasiane

72

0.52 ± 0.186

0.51 ± 0.248

0.46 ± 0.197

0.62 ± 0.249

0.46 ± 0.194

35

0.60 ± 0.097

0.65 ± 0.157

0.56 ± 0.125

0.69 ± 0.123

0.51 ± 0.116

Male

BSA

f

d

g

g

one-way ANOVA, Post-Hoc two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli FDR:
a & b) p<0.001, F=17.470;
S-I p<0.001, S-N p=0.022, S-T p=0.003, I-N p<0.001, I-T p=0.003, N-T p<0.001 c) p<0.001, F=25.210; (S-I, S-N, S-T, I-N, N-T) p<0.001,
I-T p=0.014
d) p<0.001, F=07.618; S-N p=0.004, I-N p<0.001, N-T p=0.002 e) p<0.001, F=15.680; S-I p=0.048, S-N p<0.001, S-T p=0.048, I-N
p<0.001, N-T p<0.001
f) p<0.001, F=16.270; S-I p=0.002, S-N p=0.019, S-T p<0.001, I-N p<0.001, I-T p=0.006, N-T p<0.001
g) two-tailed t-test for paired samples: I p<0.001, t=5.08, df=112; N p<0.001, t=4.50, df=112; T p=0.007, t=2.79, df=112
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Appendix for Chapter V section 12.3.2 (page 271): Corneal densitometry

Figure A-12.7: Graphical analysis (Tukey box plots) of the distribution of the corneal density within different
subgroups: a) eye side (paired t-test), b) gender (unpaired t-test with Welch’s correction) and c) ethnicity (oneway ANOVA). Mean values displayed as crosses in each box.
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Appendix for Chapter V section 12.3.3 (page 274): Corneal thickness
Table A-12.6: Results of D'Agostino & Pearson normality test for corneal thickness parameters
n

CCT (µm)

m1

m2

b

R2

OD

113

0.455

0.401

< 0.001*

0.344

< 0.001*

OS

113

0.906

< 0.001*

< 0.001*

0.870

< 0.001*

Female

80

0.491

0.043*

< 0.001*

0.715

< 0.001*

Male

33

0.564

0.343

0.247

0.759

< 0.001*

African

3

-

-

-

-

< 0.001*

Chinese
Asian

4

-

-

-

-

< 0.001*

Caucasian

72

0.574

0.262

0.004*

0.383

< 0.001*

Indish

35

0.144

0.682

0.126

0.096

< 0.001*

* not normally distributed

Figure A-12.8: Graphical analysis (Tukey box plots) of the corneal thickness parameters between a) eye sides
and b) gender. Mean values displayed as crosses in each box.
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Figure A-12.9: Graphical analysis (Tukey box plots) of the distribution of the corneal thickness change between
a) eye sides and b) gender. Mean values displayed as crosses in each box. Slope2 and R2 were significant
differences between OD and OS (two-tailed paired t-test).
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Appendix for Chapter V section 12.3.5.3 (page 287): Limbus architecture
Table A-12.7: Descriptive analysis of the limbal length in total and in eight different meridians for the
subgroups eye side, gender and ethnicity (n=113).
I

IN

IT

N

S

SN

ST

T

Total

Length

1.122
0.2871

0.973
0.2502

0.779
0.2371

0.630
0.1333

1.595
0.2856

1.176
0.2734

0.976
0.3379

0.741
0.1549

1.098
0.2871

OD

1.092
0.2847

0.924
0.2562

0.777
0.2224

0.629
0.1327

1.599
0.2945

1.169
0.2976

0.967
0.3135

0.739
0.1532

0.963
0.3809

OS

1.152
0.2879

1.021
0.2374

0.782
0.2532

0.632
0.1345

1.591
0.2781

1.183
0.2509

0.984
0.3631

0.743
0.1576

0.986
0.3869

Differenceb

0.009

0.023

0.900

0.809

0.919

0.647

0.610

0.950

0.019

one-way ANOVA, Post-Hoc two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli FDR:
p=0.000, F=216.42; I-SN p=0.695 (ns), IN-ST p=0.999 (ns), IT-T p=0.939 (ns), rest comparisons p<0.001
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Appendix for Chapter V section 12.3.8 (page 295): Correlation Matrix
The non-significant comparisons (p<0.050) and negligible, small correlations (r<|0.030|) were
sorted out and the remaining correlations sorted ascendingly.

Dens_0t2mm
Dens_2t6mm
m1x2
m2x
Slope_RL1
Turning_Point_x_mm
Slope_RL2
Intercept_RL2
CCT
C(PC)
C(P)
ACA_avg
AVC_C
ACV_PC
ACV_P
ACD
CTL
SLT
LimbusLength
ST
ST_N
ST_S
ST_0mm
ST_1mm
ST_5mm
ST_7mm
LT
AL
M
J0
J45

r_flat

r_steep

-0.360
0.230
-0.304

-0.367
0.243
-0.317

-0.166

-0.184

-0.157

-0.172

0.377

Axis_flat

Corneal_asti

Corneal_Volume

Corneal_Dia
0.211
0.195

0.390

-0.395

-0.149
0.200
0.809
0.819
0.803

0.177
-0.240
-0.176

0.348
0.167

0.956
0.231
0.272

-0.307
0.602
0.373
0.207

-0.167
-0.226

0.564
0.423

-0.225
-0.176
-0.173
-0.256
-0.191
-0.197

0.229
-0.192
-0.229

0.406
0.172

-0.160
0.157
0.283
0.186
0.220

-0.154
-0.226

-0.158
-0.158

0.276
0.185
0.297

0.289
0.166
-0.838
-0.354
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m2x
Slope_RL1
Turning_Point_x_mm
Intercept_RL2
ACA_avg
AVC_C
ACV_PC
ACV_P
ACD
CTL
SLT
LimbusLength
ST_I
ST_S
ST_SN
ST_0mm
ST_1mm
ST_2mm
LT
M
J0

Corneal_Dia
m2x
Slope_RL1
Turning_Point_x_
mm
Slope_RL2
Intercept_RL2
C(PC)
C(P)
AVC_C
ACV_PC
ACV_P
ACD
SLT
ST
ST_IN
ST_5mm
LT
AL
M
J0

SagRad_Central
-0.366
0.239
-0.315
-0.180

SagRad_PC
-0.341
0.211
-0.301
-0.161

-0.149

-0.179

0.357
0.173
-0.195

0.393
0.154

-0.182

-0.196
-0.153
-0.245

-0.213

-0.191

-0.216

0.274
0.175

0.309

SagRad_P
-0.292
0.176
-0.249
-0.169
-0.164
0.297
-0.237
-0.194
-0.232
-0.178
-0.188
-0.188
-0.241
-0.187
-0.173

Dens_Anteri Dens_Centr Dens_Posteri Dens_0t2m Dens_2t6m Dens_6t10m Dens_10t12m
or
al
or
m
m
m
m
0.211
0.195
-0.195
-0.169
-0.193
-0.239
0.179
0.209
-0.204
0.176

0.186
0.224

0.190
0.181
0.190
-0.246
0.172
0.195
0.211
0.285

-0.161
0.205
0.186
-0.179

0.177

-0.246

-0.183

0.190

0.256
-0.164
0.169
0.176
-0.203
0.208

0.249
0.196

0.182
0.193
-0.207
0.195
0.269
0.299

0.218

0.211

0.240

0.184

0.201
-0.195

-0.162
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-0.184

0.174
0.180

0.238
-0.176
0.258
0.171
0.177
-0.167
0.213

-0.162

0.163
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r_steep
Corneal_Volume
Corneal_Dia
SagRad_Central
SagRad_PC
SagRad_P
Dens_Anterior
Dens_Central
Dens_0t2mm
Dens_2t6mm
Dens_6t10mm
AVC_C
ACV_PC
ACV_P
ACD
CTL
SLT
LimbusLength
ST
ST_I
ST_IN
ST_IT
ST_SN
ST_T
ST_0mm
ST_1mm
ST_2mm
ST_4mm
ST_5mm
LT
AL
M
J0

m1x2
-0.367

-0.366
-0.341
-0.292
-0.195
-0.169
-0.193
-0.239
0.419
-0.208
-0.206
0.219
0.380
0.376
-0.256

m2x
0.243

0.239
0.211
0.176
0.179

0.209
-0.403
0.294

-0.330
-0.208
-0.247
0.227

Slope_RL1 Turning_Point_x_mmSlope_RL2
-0.317
-0.184
0.390
-0.149
-0.395
0.177
-0.315
-0.180
-0.301
-0.161
-0.249
-0.204
0.176
0.190
0.177
-0.246
0.190
-0.183
0.256
-0.164
0.160
-0.403
0.294
0.212
-0.291
-0.294
-0.281
0.159
-0.271
0.284
0.352
-0.280
0.268
0.263
-0.222
0.357
0.235
-0.167

CCT

C(PC)

C(P)

0.809
-0.176

0.819

0.803

-0.169
0.181

0.190

0.182
0.169

0.193
0.176

0.888
0.420
0.392

0.896
0.407
0.365

0.756
0.394
0.292

0.395
0.262

0.419
0.280

0.641
0.497

0.229
0.195

0.199
0.152

0.185

0.272
0.176

0.459

0.184

0.335

-0.217
0.220
-0.218
0.347

-0.238

0.228
-0.233
-0.213

0.158
0.338

0.224

-0.235

0.239
-0.238
-0.170

-0.163
0.198

0.215

0.236

-0.217

0.256
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r_steep
Corneal_Volume
Corneal_Dia
SagRad_Central
SagRad_PC
SagRad_P
Dens_Anterior
Dens_Central
Dens_Posterior
Dens_0t2mm
Dens_2t6mm
Dens_6t10mm
Dens_10t12mm
m2x
Slope_RL1
Turning_Point_x_mm
Slope_RL2
Intercept_RL2
CCT
C(PC)
C(P)
ACA_avg
SLT
LimbusLength
ST
ST_I
ST_IN
ST_SN
ST_0mm
ST_1mm
ST_2mm
ST_3mm
ST_4mm
ST_5mm
ST_6mm
ST_7mm
LT
AL
M
J0

ACA_avg
-0.172

AVC_C

ACV_PC
0.348
0.231
0.602
0.357
0.393
0.297

0.956
-0.307
-0.149
-0.179
-0.164
-0.246
-0.162
-0.184
-0.207
-0.203
-0.162
0.419
-0.403
0.160
-0.403
0.294
-0.240

0.233
0.210
-0.283

0.186
0.172

0.195

0.195
0.208

0.294
0.212
-0.291
0.299
0.888
0.896
0.756
0.454
0.312

0.160
0.221

0.302
0.186

-0.208

-0.206

-0.294

-0.281
0.159

0.202
0.268
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-0.271
0.284
-0.289

0.154
0.204
0.200
0.189
0.269

0.164

-0.157

0.219
-0.330

0.392
0.365
0.292

0.177
0.208
0.192
0.196
0.221
0.178
-0.226

0.207
-0.195
-0.237

0.196
0.299
0.238

0.157

ACD

0.224
0.211

0.249
0.269

0.420
0.407
0.394
0.245
0.193

0.215
0.172
0.176

ACV_P
0.167
0.272
0.373
0.173
0.154

0.197
0.208
0.300
0.185
0.173
0.224
0.206
0.155
0.178
0.160
-0.417
0.559
-0.598
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CTL
-0.167
0.564

r_steep
Corneal_Volume
SagRad_Central
SagRad_PC
SagRad_P
Dens_Central
Dens_Posterior
Dens_0t2mm
Dens_2t6mm
Dens_6t10mm
Dens_10t12mm
m2x
Slope_RL1
Turning_Point_x_mm
Slope_RL2
Intercept_RL2
CCT
C(PC)
C(P)
ACA_avg
AVC_C
ACV_PC
ACV_P
ACD
CTL
J45

ST
r_steep
Corneal_Volum
e
Corneal_Dia
SagRad_Central
SagRad_PC
SagRad_P
Dens_6t10mm
Dens_10t12mm
m1x2
m2x
Turning_Point_x
_mm
Intercept_RL2
CCT
C(PC)
C(P)
ACA_avg
AVC_C
ACV_PC
ACV_P
ACD
CTL
M
J0

SLT
-0.226
0.423
-0.182
-0.196
-0.232

-0.194

LimbusLength

0.285
0.218
0.211
0.240
0.258
0.163
-0.256
0.227

-0.176
0.380
-0.208
0.352
-0.280
0.268
-0.202
0.395
0.419
0.641
0.233
0.454
0.245

0.376
-0.247
0.263
-0.222
0.357
-0.300
0.262
0.280
0.497
0.210
0.312
0.193

0.235
-0.167

-0.283

0.204
0.154
0.167

ST_I

ST_IN

ST_IT

ST_N
-0.192

ST_S

ST_SN

ST_ST

ST_T

0.229
-0.154

-0.226
-0.213
-0.245

-0.153
-0.178

-0.188

-0.188

0.171

-0.218
-0.217
0.158
-0.151
0.229
0.199
0.185

0.195
0.152

0.220

0.215

0.172
0.157
0.189

0.176

0.160

0.200
0.197

0.269
0.208

0.300

-0.170
-0.166
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r_steep
Corneal_Volum
e
Corneal_Dia
SagRad_Central
SagRad_PC
SagRad_P
Dens_Central
Dens_6t10mm
m2x
Slope_RL1
Turning_Point_x
_mm
Slope_RL2
Intercept_RL2
CCT
C(PC)
C(P)
ACA_avg
AVC_C
ACV_PC
ACV_P
ACD
CTL
SLT

ST_0mm ST_1mm ST_2mm ST_3mm ST_4mm ST_5mm ST_6mm ST_7mm ST_0mm
-0.229
-0.160
-0.229
0.406

0.172

0.276

-0.158
-0.191
-0.216
-0.241

0.406

-0.158

-0.187

-0.173
-0.161
-0.167
0.228

0.177
0.347
-0.238

-0.191
-0.216
-0.241

0.347
-0.238

0.224

0.239

0.224

-0.235
0.338
-0.286
0.264
0.272
0.459
0.221
0.302
0.164

-0.163
0.215
-0.173
0.159
0.184
0.335
0.178
0.202

-0.235
0.338
-0.286
0.264
0.272
0.459
0.221
0.302
0.164

0.160

0.185

0.185

0.196
0.176

0.157

0.208
0.206

0.192
0.155

0.186

0.173

LT
r_steep
Axis_flat
Corneal_asti
Corneal_Dia
SagRad_Central
SagRad_PC
Dens_Central
Dens_Posterior
Dens_0t2mm
Dens_2t6mm
Dens_6t10mm
m2x
Slope_RL1
Turning_Point_x_mm
Slope_RL2
Intercept_RL2
CCT
AVC_C
ACD
CTL
ST
ST_S
ST_0mm
M
J0

0.172

0.177
0.224

AL
0.289

0.196

M

0.221
0.178

J0

0.166
0.185

0.205

0.174
0.213
-0.233
-0.238
0.198

-0.226
0.268
-0.417

0.297
0.274
0.309
0.186
0.184
0.201
0.180

-0.354
-0.838
0.162

0.175
-0.179
-0.195

-0.213
0.256
-0.170
0.236
-0.217
0.208
-0.157
0.559

-0.598
0.167

-0.170
-0.166
-0.848
-0.848
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A-13 In vivo corneal biomechanics of human eyes

Figure A-13.10: Ethical committee approval letter
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Appendix for Chapter VI section 13.3 (page 318): Quality Management - Calibrations
In total eight devices were used in this study. The data collection methods for each device are
described in the Appendix A-12 (page A-12). According to the particular manufacturer the K5M,
the Pentacam, the Lenstar had to be calibrate manually. To ensure the accurate working of the
devices, the Lenstar was calibrated before the first use, the K5M weekly and the Pentacam every
second month. The Lenstar has an automated procedure during the starting process to
calibrate the device. Without conducting this, a measurement is not possible at all. For
calibrating the K5M, a glass sphere, provided by the manufacturer was used. Following the
guideline, the software automatically calibrates itself. To calibrate the Pentacam, the same eye
had to be measured five times equally. The differences between the K readings and the
pachymetry of the five measurements were calculated and compared with a tolerance range
provided by the manufacture. The device deemed to be calibrated if the average difference of
the K readings was between a range of ±0.25D and the pachymetry between ±10µm.

Figure A-13.11: Calibration protocols: a) Pentagam, b) K5M (© 2017 Oehring, D)
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Appendix for Chapter VI section 13.3 (page 318): Quality Management - Medications
In this study participants were assessed with two different dyes to examine the anterior surface
of the eye. Lissamine green and fluorescein were used as vital dyes. Additionally, tropicamide
0.5% was applicated to dilate the pupil and paralyse the accommodation system of the eye.
During measuring the biomechanical properties using the CST and the ORA, teardrops are
administered to humidify the anterior surface. According to the European Medical Devices Act
(Directive 93/42 / EEC of 14 June 1993 concerning medical products) the expiry date, the LOT
number as well as the product name and manufacturer name had to be noted in the patient's
file. Additionally, to ensure the health and safety of the patients, it was recorded how many
drops/ stripes were used during the study. The form for noting the required details were stored
in the respective patient file, Figure A-13.12.

Figure A-13.12: File form for medication use (© 2017 Oehring, D)
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Appendix for Chapter VI section 13.3.4 (page 318): Quality Management - Randomisation
Randomization is a method to assign participants to a particular treatment or control group or
to determine a particular test sequence. The requirement is that each subject has to have an
equal chance to get into the particular group, or that the particular investigation is equally likely
to occupy any position in the test sequence (Fleiss et al., 2003).
Sir Ronald Aylmer Fisher (Fisher, 1992), theoretical biologist, geneticist, evolutionary theorist
and statistician of the 20th century, introduced the idea of randomization for the first time in 1926
in an agricultural study as a tool for unbiased comparisons of different groups of samples. Five
years later, Fischer conducted the first randomised, clinical study (topic: tuberculosis). In this
study a total of 24 subjects participated, i.e. it resulted in twelve compared pairs (Amberson Jr,
1931). Each participant of a pair was assigned to control or the treatment group by a coin toss.
Reasons for randomization
It is possible to minimise the potential systematic error on the dependent variable within the
study groups or investigation procedures with randomised research studies. Although a
randomization can be achieved already with the simple coin toss, there are more appropriate
and better methods to randomise empirical studies.

A suitable randomization has several advantages. First, it eliminates the so-called selection
bias, i.e. without randomization of participants, there will be an active influence in the selection
of subjects or the order of investigation concerning various intervening characters to the test
size. Only through proper randomization, no a priori knowledge of the group assignment is
guaranteed. Schulz and Grimes found out that trials with inadequate or unclear randomization,
the treatment effects are overestimated up to 40% compared to studies in which a clear and
appropriate randomization was used (Schulz & Grimes, 2002).
Furthermore, statistical analysis such as the analysis of covariance (ANCOVA) or multivariate
ANCOVA requires same distributions within the groups. In such analyses, the random
assignment is necessary and guarantees the validity of statistical tests.
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Methods
A suitable randomization depends on the specific type of study and the analysis, which is
planned. In general, any randomization should be unpredictable and easily applicable or
feasible and provide a balance of group size. The most common types of randomization are the
simple, the block, and the stratified and unequal randomization.

The simple randomization is equal to the coin toss. For this, a random number generator is used
in general. The assignment is thus unpredictable. A disadvantage of this method is, that a
balance of group size cannot be guaranteed, which reduces the statistical power.
For example: A study is carried out with ten participants. There will be two groups; the allocation
is made by a coin toss. Thus, the efficiency of analysis is reduced by 16% for a distribution of 3/7
as compared with a distribution of 5/5, E A-12.1.
1 1
1 1
$ + (+$ + ( = 0.84
5 5
7 3

E A-13.1

The simple randomization cannot guarantee the same group sizes. To resolve this problem, the
block-randomization is often used. The basic idea of this method is that the subjects are
randomly assigned within m blocks of size 2n. The block size should be, according to the ICH E9
guideline, at least twice the number of treatments and may not be specified in the protocol, so
that the selection of subjects is done blind (Harmonisation, 1997). If the block size is not masked,
the order may be predictable. This can in turn lead to selection bias. To prevent this, random
block size should be used if possible.

A simple block-randomization leads necessarily to an imbalance in the subgroups, if the single
groups are built with subgroups, because this fact is not considered. This imbalance not only
reduces the statistical power, but also the efficiency and validity of the research results.

Using the layer randomization method not only groups, but also the sub-groups are assigned
by block randomization. There is a double block randomization from top to bottom. Each block
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sizes should be relatively small in order to maintain the balance within the layers. An increase in
the stratification variables inevitably leads to a reduction in the number of patients per shift.
Therefore, if possible, no to a few sub-groups should be established in clinical trials.

In most cases randomized studies lead to an equilibrium number of subjects within the groups.
However, this may not always be implemented by economic and / or ethical conditions.
Therefore in e.g. very expensive treatments, a ratio of 2/1 is recognized, meaning that twice as
many patients in the favourable investigation are carried out. If this ratio of the group size kept
constant, the statistical power hardly reduced. From a ratio of 3/1 or later, however, a statistical
power is hardly given.

Conducted randomization
The study explained in Chapter V and Chapter VI included the use of randomization. The choice
of the eye side as well as the first device to measure the biomechanical properties, the position
of the measurement area using ORA and CST were randomised to minimise bias.
A block wise randomisation was chosen to guarantee an equal group size:
×

The block size was calculated with m = 2n (n means number of possible groups) per group,

×

random seed of 989,029,888.

The calculation was determined in advance and done with Microsoft Excel 2010 Mac.
Subsequently, the numbers where ranked from smallest to the largest.

Using this procedure 56 subjects started with the right eye (49.6%) and 57 with the left (50.4%).
The unequal group size was due to the uneven sample size. Also, the starting sequence for the
positions were distributed as equal as possible, Table A-12.8 and Table A-12.9.
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Table A-13.8: Randomised starting order for the measurement area using the ORA (n=113).
Total number of measurements are provided.
First eye

Second eye

Order

1.

2.

3.

4.

5.

1.

2.

3.

4.

5.

C

20

28

22

24

21

29

14

24

24

22

N

20

21

21

23

27

25

23

24

22

20

T

31

23

16

25

16

21

21

21

23

29

I

22

17

32

26

20

16

26

23

24

20

S

20

24

22

15

29

22

29

21

20

22

Table A-13.9: Randomised starting order for the measurement area using the CST (n=113). Total number of
measurements are provided.
First eye

Second eye

Order

1.

2.

3.

4.

5.

6.

7.

8.

9.

1.

2.

3.

4.

5.

6.

7.

8.

9.

C

13

12

15

13

13

14

10

11

14

8

11

17

11

10

12

16

14

14

T-P

13

13

8

14

8

12

16

16

13

8

10

18

10

18

11

14

11

17

T-PC

15

11

14

12

8

11

17

11

14

17

8

10

13

17

14

15

8

12

N-PC

7

13

14

12

17

13

10

14

13

15

15

11

13

10

11

9

19

11

N-P

11

17

12

11

14

13

10

15

8

9

13

12

17

8

9

13

14

15

S-PC

15

8

11

9

13

16

16

12

14

13

17

12

9

11

11

15

17

8

S-P

11

10

14

16

13

11

9

15

14

11

11

13

19

11

21

5

12

12

I-PC

14

13

15

14

12

9

14

11

12

14

17

9

14

14

12

17

7

11

I-P

14

16

10

12

15

14

11

8

11

18

11

11

9

16

12

10

11

12
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Appendix for Chapter VI section 13.3 (page 316): Methods - Recruitment
All subjects were recruited from the staff and student population of the Plymouth University as
well as patients of the Centre for Eyecare Excellence (CEE) at Plymouth University. The
recruitment was carried out via email, flyers and direct invitation. After the first contact the
information sheet was sent or a printed version was given to all potential subjects.
Every type of advertising for study subjects was based on the policy: "FDA IRB Information
Sheets, February 1989, advertising for study subjects”9. Generally, any advertisement to recruit
subjects should be limited to the information the prospective subjects need to determine their
eligibility and interest. The following items were included in advertisements.
×

Name & address of the principle investigator

×

Purpose of the research project and inclusion criteria

×

Place of the trial

×

Contact person(s)

To advertise for study a poster with attached contact cards was designed, Figure A-13.13:.
Poster and cards are created with Adobe Illustrator CS5.1.

Figure A-13.13: left: Recruitment Poster, right: Contact Card (© 2017 Oehring, D)

The recruitment mail was sent to University staff and students at the Peninsula Allied Health
Centre at the 20th of April 2014 03:03 pm (GMT), Figure A-13.14.

9

FDA Regulatory Information: IRB regulations [21 CFR 56.109(a)].and 21 CFR 56.107(a) and 56.111]
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Figure A-13.14: Recruitment Mail

If potential participants responded, an individual mail was sent by the principal investigator,
which included the information letter and the asking about potential exclusion criteria and
particular awareness’s like the use of contact lens wear, eye drop uses etc. After scheduling an
appropriate appointment, an invitation was send out by email, which included the time and date
for examination, room and address.
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Appendix for Chapter VI section 13.3.4 (page 318): Examination methods - Information Letter
The fundamental ethical requirement of informed consent is generally based on the moral ideal
of autonomy, i.e. the self-determination of the people. Therefore, it was important from the
perspective of the participants, how they were going to be informed about the study. Consent
was only considered to be free if a person was competent to judge and was independent in
their judgment. A person was excepted as informed if all relevant information had been given
and understood. Consent was only given when explicitly formulated and documented by the
signature.
Persons who were involved in the research project had to be informed in detail about this
project and the consequences of study participation with all its advantages and disadvantages.
The voluntary consent to participate in the study had to be documented with their signatures.
Potential participants were informed with a briefing paper on the study before the examination
date and explained orally at the time of examination. The information had to be written in an
understandable language. The information for the participants contains the following points:
×

General description of the study,

×

Selection of participants (most important inclusion criteria)

×

Reference to the voluntary nature of participation and the opportunity to quit at any time,
without notice and any disadvantages,

×

Study Design and Study Procedure,

×

Known risks, burdens and potential side effects,

×

Obligations of the study participant and the investigator,

×

Assurance that new findings concerning the benefits and safety of study participation will
be immediately transmitted,

×

Agreements on confidentiality and data protection,

×

Information on payment of expenses of the study participant,

×

Conditions of involuntary study termination,

×

Address and telephone number of a contact person.

To ensure, that the information letter was understandable, a readability test was conducted,
Table A-13.10 and Table A-13.11. The aiming group for participants were expected to have at
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least a secondary education degree. Therefore, a Flesh Reading Ease level of approximately 50
and an average Grade level of about 10 was aimed. A higher score of the Flesch-Kincaid Reading
Ease indicates easier readability; scores usually range between 0 and 100. A grade level is an
equivalent to the number of years of education a person had.
Table A-13.10: Readability test of the information letter
Readability Formula

Score

Flesch-Kincaid Reading Ease

53.7

Grade Levels:
Flesch-Kincaid Grade Level

9.4

Gunning-Fog Score

12.1

Coleman-Liau Index

12.5

SMOG Index

9.1

Automated Readability Index

8.5

Mean Grade Level

10.3

Table A-13.11: Text statistics of information letter
Statistic

Value

Character Count

8, 362

Syllable Count

2, 844

Word Count

1, 738

Sentence Count

120

Characters per Word

4.8

Syllables per Word

1.6

Words per Sentence

14.5
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Figure A-13.15: Information letter
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Appendix for Chapter VI section 13.3.4 (page 318): Examination methods - Consent
A signed consent form was the basic requirement for participating this study. Thus, a voluntary
consent was excepted only if the following conditions were met:
1.

A consent can only be free if it is granted by a person who is:

×

Competent to judge with respect to this decision and

×

Independent in their judgment.

2.

Person only give their consent if:

×

They express their will to participate and

×

If their will is visible for others and objectively documented.

Consent is therefore often more an act of bearing as an act of willing. Only the exterior side of
the consent, i.e. the objectively and legally binding documentation of consent by signature, can
be controlled. One difficulty comes from the fact that the ethics committee only proves the
documents (study information and consent form) that are used in the consent process, but the
actual communication process is not assessed. Therefore, it was necessary that the
investigator(s) of this study conducted the interviews in an optimal, the actual situation
adequately, way. In this case, the written study information was a good reference document for
the oral consent process.
The consent was handed out twice after the oral information process. Both versions had to be
signed by the participant and the investigator. One exemplar was stored with the study
documents and one remained at the participant.
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Figure A-13:16: Consent form
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Appendix for Chapter VI section 13.3 (page 316): Methods - Documentation
The eye side, the first device measuring the biomechanical properties as well as the particular
starting position was randomised. To make sure that the examiner kept the same order and
followed the randomization, a procedure overview was developed in which the examiner had
to tick each box after the particular examination, Figure A-13.18 to Figure A-13.20.

Figure A-13.17: Print of the overview form for each patient, the starting eye side and biomechanical
measurement device is marked in a green box, the following in a red box (© 2017 Oehring, D)

The examination data of those devices connected to a computer were backed up on a
secure disk (128 bit) for every fifth participant. The data were only readable with the
software provided by the manufacturer. After finishing data collection, the entire data was
deleted from the devices. The data was printed and stored on the external disk.

Collected data were kept and stored securely and anonymously according to Part
IV section 33 of the Data Protection Act 1998 c. 29. If individual data could be associated with
an examined or interviewed person, only when using disproportionate effort, cost, labour
and time, the individual data could be described as de-facto anonymous. The personal data
that were required or received during the investigation were kept separately immediately
after plausibility check. The following data are covered by these data characteristics: name
(first name, sure name), place of residence, date of Birth.
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Figure A-13.18: Screening form front page
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Figure A-13.19: Screening form back page (© 2017 Oehring, D)
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Figure A-13.20: Case Report Forms (© 2017 Oehring, D)
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Appendix for Chapter VI section 13.3.4.2 (page 319): Ocular dryness
It is likely that dry eyes will affect the biomechanics properties of the cornea and as such
determining the specific levels of dryness amongst participants was vital in this investigation
(Long et al., 2017).
Questionnaires are used in clinical research both as a screening tool for the diagnosis of dry
eye, evaluation of the efficacy of treatment and severity of the disease. Generally,
questionnaires can be used for population-based studies or to investigate the level of a disease
in epidemiological research (Nieuwenhuijsen, 2005). The purpose of a questionnaire influences
it’s content and style. Dry Eye Questionnaires (DEQ) can vary in their purpose, population on
which they are tested on, the type of interview (self-contained, interviewer, telephone) and the
extent of validation, (Lemp et al., 2007).
Common elements of the questionnaires include, among other things, the query about a
possible diagnosis of dry eye, the frequency and / or intensity of the symptoms, the impact of
symptoms on daily activities, risk factors such as the presence of dryness in the mucous
membrane regions, visual impact of the symptoms, the wearing of contact lenses and medical
history. Fundamentally, most questionnaires vary in the number of questions, the rear-view
duration (i.e., how long the symptoms must already exist?) and the population in which the
questionnaire can be used validly.
The DEQ used in the study are discussed below. Both dry Eye questionnaires were chosen
because of the high sensitivity and specificity to diagnose dry eye. The sensitivity of the Ocular
Surface Disease Index (OSDI) is 92% and of McMonnies 98%; the specificity of the OSDI is 83%
and McMonnies 97% (Lemp et al., 2007). In the present investigation, a high specificity was
required, to identify dry eye subjects.
Ocular Surface Disease Index
The Ocular Surface Disease Index is one of two questionnaires most commonly used in
ophthalmologic and optometric research on dry eye (Dougherty et al., 2011, Gabbriellini et al.,
2012, Nichols et al., 2002, Schiffman et al., 2000, Vitale et al., 2004). It consists of twelve questions
that characterize all forms of dry eye and its severity, Table A12-5. The OSDI questionnaire
allows a quick assessment of eye irritation due to dry eye and the impact on vision, within the
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last week. Six questions each on visual function, on ocular symptoms and environmental are
asked. In total, there are five possible answers: never, sometimes, usually, often, always (0-4).
The evaluation is performed on the OSDI score, E A-13.2, higher values representing greater
impairment.
OSDI − Score =

(sum of the score of all answered questions) ∙ 100
(amount of all questions) ∙ 4

E A-13.2

Table A-13.12: Evaluation and classification of Dry Eye symptoms by means of OSDI
(Tomlinson et al., 2011)
Level

Description

Symptom

OSDI-Score (0-100)

0

Normal

None

0

1

Subclinical

None or temporally

0-12

2

Slightly symptomatic

Temporally depending on environmental
factors

0-12

3

Mild symptomatic

Half of the time, some symptoms

13-22

4

Moderate symptomatic

Most of the time, some symptoms

23-32

5

Severe symptoms

All time

33-100

DEQ McMonnies
The McMonnies questionnaire is the most well-known screening questionnaire for the
diagnosis of dry eye. It contains twelve elements; eight are alternative questions (Yes / No). The
evaluation of the answers is done weightily. The questionnaire assesses elements such as age,
sex, contact lenses history as well as the frequency of the following symptoms: dryness, sandygritty irritation, soreness, redness and fatigue. In addition, the questions are asked about
dryness inducing systemic diseases and medication. A maximum of 45 points can be reached,
with a score between 0-9 being classified as asymptomatic, between (17.3 ± 6.1) points as
marginal or slightly dry eyes and from (20.9 ± 6.2) points as dry eyes. A score of 14.5 is now
commonly accepted as the cut-off point for diagnosing dry eyes (Nichols et al., 2004).
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Figure A-13.21: OSDI form
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Figure A-13.22: McMonnies Dry Eye Questionnaire
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Appendix for Chapter VI section 13.3.4.2 (page 319): Descriptive analyses of the sample
population
Age was not significantly different between female and male (t(111)=-1.768 p=0.081). 87.2% of all
participants were undergraduate or postgraduate students and 8.1% staff from the Plymouth
University (UK), 4.7% were soldiers, special educational trainers and mechanics. The clear
majority of participants were non-smokers (76.5%), 11.8% considered themselves at permanent
smokers (12 ± 2.1 cigarettes per day) and 10.6% were former smokers (at least two years of
abstinence).
No habitual correction was needed in 41.9% of the cases, 47.7% used spectacles and 8.1%
contact lenses, all others had no preference on habitual correction. 59.0% of all participant did
not wear contact lenses at any time, whereas 31.1% used soft lenses (72.4% silicon hydrogel,
27.6% hydrogel) and 7.1% rigid gas permeable (RGP) lenses. All participants stopped contact
lens wear for at least 48h for soft lenses, or one week if wearing RGP lenses.
All participants included in the study reported good general and ocular health. 14.2% reported
to suffer from migraine and/or headache regularly. Current neck and shoulder pain was
reported in 23.9% of the cases. Controlled and diagnosed thyroid disease was listed in 4.4% (all
female). Oral contraceptives were taken by 6.3% of the female subjects.
Table A-13.13: Anterior ocular segment health (n=113). Subjects were grouped in accordance to the ocular
dryness. Metrical data is provided as mean (standard deviation), ordinal data as median (IQR).
Asymptomatic eyes
OD

OS

Marginal dry eyes

Dry eyes

OD

OS

OD

OS

Total

TMH (mm)

0.3 (0.12)

0.4
(0.18)

0.3
(0.22)

0.2 (0.27)

0.1
(0.02)

0.0 (0.06)

0.2
(0.28)

AvgBUT (s)

15.2 (5.48)

15.5 (5.23)

9.5
(2.89)

10.0 (3.20)

10.8
(7.3)

6
(0.04)

12.8
(5.33)

FirstBUT (s)

11.2 (6.10)

11.6 (6.07)

6.8
(3.12)

6.9 (3.14)

4.6
(0.36)

4.6
(1.26)

9.3
(5.48)

0.6
(0.22)

0.6
(0.22)

0.6
(0.35)

0.6
(0.3)

1.0
(0.49)

0.7
(0.21)

0.6
(0.26)

Bulbar
redness
OSDI

6.7 (9.24)

11.1 (9.66)

30.2 (2.72)

8.8 (11.06)

McMonnies

4.9 (4.29)

7.8 (6.52)

11.5 (12.02)

6.2 (5.58)

Conjunctival
staining

0 (0.0)

0 (0.0)

1 (0.5)

0 (0.0)

1 (1.0)

1 (1.0)

1 (0.5)

Corneal
staining

0 (0.0)

0 (0.0)

1 (0.5)

0 (0.0)

1 (1.0)

1 (1.5)

1 (0.5)
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All subjects showed good anterior ocular health at baseline and final assessment (no significant
differences between initial and final results p>0.005)
Mean pupil size in mesopic conditions was OD (6.31 ± 0.821)mm and OS (6.45 ± 0.811)mm
(t(112)=2.657 p=0.010), photopic OD (2.66 ± 0.908)mm and OS (2.64 ± 0.1.145)mm (t(112)=1.157
p=0.251). Three subjects suffered from dry eye, 43 showed symptoms of marginal dry eyes and
67 were asymptomatic, Table A-13.13. Conjunctival changes (pterygium or pinguecula) showed
4.8% of the cases in both eyes and 7.1% in one eye. In none of the cases did the conjunctival
hyper plasticity affect the corneal nor limbal region.
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1.000

0.520

1.000
1.000

0.419

0.520

0.419

0.831

0.202

0.463

1.000
1.000

0.831

0.202

-0.439

0.435

0.186

-0.407 0.446

0.165

0.153

0.809

1.000
1.000
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0.169
-0.745 0.695 0.267

-0.301

-0.477

-0.183
-0.737

-0.244

-0.391

-0.570

-0.234
-0.635

-0.228
-0.209

-0.291

0.608 0.693

-0.191 0.209

-0.391

0.528 0.777

-0.640 -0.159

-0.377

1.000

1.000

0.419

1.000

0.419

0.557

0.191

1.000 0.489

0.185

0.166

-0.327

0.570 0.413

-0.654 -0.634

-0.244 -0.373

-0.325

-0.152

0.419

0.419

-0.249

0.557

0.170

0.403

-0.193

0.153

1.000

-0.249

-0.660

-0.323
0.257

1.000

0.170

0.344

0.328 0.284

0.288 0.403 -0.155

-0.775 0.634

0.633 -0.347
0.236 -0.431 0.407

-0.439 0.650

0.153

1.000

1.000

0.287

A1(DA) HC(DA) A2(DA) A1(DlA) HC(DlA) A2(DlA) A1(DL) HC(DL) A2(DL) A1(T) HC(T) A2(T) A1(AL) A2(AL) A1(dArc) HC(dArc) A2(dArc) A1(v) A2(v)

Table A-13.14: Significant correlation between central CST metrics (n=113).

Appendix for Chapter VI section 13.4.3.1 (page 322): Central CST metrics

A1(DA)
HC(DA)
A2(DA)
A1(DlA) 0.463
HC(DlA)

0.165
0.650

0.809
-0.407
0.186

A2(DlA) 0.435
A1(DL)
0.446

0.236

1.000 -0.792 -0.194

0.287

0.633 -0.431

0.344 0.153

-0.377
-0.654 0.570 0.191

-0.152

-0.194 0.316 1.000

-0.775

0.257

-0.792 1.000 0.316

-0.159 -0.244

-0.640

-0.570 -0.193 -0.660 -0.325

-0.635 -0.323

0.284

-0.209 0.328

-0.347 0.407

0.528

-0.234

-0.228

0.634

HC(DL)
A2(DL)
-0.745
0.288

0.169
0.695
0.403

A1(T)
HC(T)
0.267
-0.155

A2(T)
A1(AL)

-0.183 -0.737

-0.301

A1(dArc) -0.477

-0.391

A2(AL)

HC(dArc) -0.244

0.209

-0.191 -0.391
0.608

A2(dArc) -0.291
A1(v)
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Appendix for Chapter VI section 13.4.3.4 (page 330): Descriptive analysis for Comparison between sample clusters

Table A-13.15: Descriptive analysis of the biometric cluster groups for CST metrics centrally and paracentrally in four meridians (n=113).
Central
PC-N
PC-T
PC-S
PC-I
Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3)
A1 dArc Length
-0.018
-0.017
-0.019
-0.029
-0.023
-0.031
-0.035
-0.032
-0.037
-0.024
-0.02
-0.024
-0.019
-0.019
-0.02
[mm]
(0.003)
(0.003)
(0.004)
(0.032)
(0.035)
(0.044)
(0.035)
(0.037)
(0.04)
(0.018)
(0.007)
(0.008)
(0.003)
(0.006)
(0.006)
A1 Deflection Amp.
0.097
0.097
0.137
0.109
0.134
0.157
0.16
0.175
0.122
0.111
0.115
0.1
0.102
0.104
0.1 (0.011)
[mm]
(0.01)
(0.012)
(0.104)
(0.064)
(0.121)
(0.108)
(0.123)
(0.15)
(0.07)
(0.025)
(0.026)
(0.014)
(0.023)
(0.021)
A1 Deflection Length 2.381
2.32
2.39
2.169
2.159
2.162
2.135
2.175
2.214
2.599
2.531
2.545
2.439
2.421
2.418
[mm]
(0.16)
(0.148)
(0.125)
(0.311)
(0.354)
(0.327)
(0.574)
(0.438)
(0.405)
(0.254)
(0.276)
(0.246)
(0.177)
(0.158)
(0.18)
A1 Deformation
0.13
0.131
0.133
0.171
0.142
0.177
0.189
0.199
0.212
0.161
0.149
0.155
0.138
0.141
0.14
Amp. [mm]
(0.02)
(0.018)
(0.014)
(0.103)
(0.067)
(0.126)
(0.108)
(0.124)
(0.15)
(0.074)
(0.028)
(0.028)
(0.018)
(0.033)
(0.026)
A1 Length [mm]
1.854
1.881
1.858
1.865
1.847
1.825
1.846
1.835
1.809
1.875
1.89
1.865
1.877
1.872
1.846
(0.093)
(0.042)
(0.042)
(0.067)
(0.067)
(0.077)
(0.07)
(0.059)
(0.066)
(0.068)
(0.082)
(0.05)
(0.036)
(0.075)
(0.06)
A1 Time [ms]
7.307
7.151
7.269
7.266
7.138
7.26
7.322
7.201
7.359
7.621
7.607
7.707
7.376
7.246
7.344
(0.336)
(0.245)
(0.221)
(0.286)
(0.274)
(0.276)
(0.304)
(0.239)
(0.308)
(0.573)
(0.634)
(0.598)
(0.308)
(0.249)
(0.249)
A1 Velocity [m/s]
0.162
0.165
0.165
0.152
0.151
0.152
0.152
0.154
0.15
0.147
0.143
0.145
0.158
0.162
0.158
(0.022)
(0.017)
(0.017)
(0.021)
(0.013)
(0.018)
(0.019)
(0.017)
(0.017)
(0.031)
(0.03)
(0.029)
(0.019)
(0.019)
(0.02)
A2 dArc Length
-0.024
-0.022
-0.026
-0.008
-0.014
-0.003
-0.047
-0.028
-0.033
-0.03
-0.026
-0.028
-0.022
-0.022
-0.025
[mm]
(0.006)
(0.008)
(0.008)
(0.035)
(0.031)
(0.058)
(0.031)
(0.055)
(0.09)
(0.022)
(0.012)
(0.014)
(0.009)
(0.012)
(0.012)
A2 Deflection Amp.
0.111
0.115
0.115
0.173
0.136
0.144
0.189
0.187
0.223
0.144
0.136
0.132
0.112
0.112
0.116
[mm]
(0.012)
(0.04)
(0.017)
(0.179)
(0.143)
(0.179)
(0.102)
(0.132)
(0.239)
(0.075)
(0.054)
(0.028)
(0.016)
(0.029)
(0.025)
A2 Deflection Length 2.667
2.553
2.392
2.257
2.183
2.291
3.313
2.856
3.152
3.156
2.875
2.894
2.6
2.542
2.594
[mm]
(0.904)
(0.6)
(0.872)
(1.221)
(1.157)
(1.096)
(1.602)
(1.145)
(1.327)
(0.526)
(0.815)
(0.886)
(0.684)
(0.615)
(0.716)
A2 Deformation
0.413
0.39
0.404
0.478
0.401
0.447
0.494
0.5
0.527
0.423
0.401
0.4
0.347
0.364
0.376
Amp. [mm]
(0.066)
(0.074)
(0.069)
(0.181)
(0.168)
(0.192)
(0.125)
(0.177) (0.204)
(0.107)
(0.084)
(0.081)
(0.067)
(0.114)
(0.096)
A2 Length [mm]
1.833
1.813
1.846
1.848
1.765
1.794
1.787
1.793
1.829
1.95
1.893
1.93
1.824
1.828
1.8
(0.237)
(0.311)
(0.22)
(0.343)
(0.353)
(0.266)
(0.336)
(0.258)
(0.252)
(0.157)
(0.299)
(0.173)
(0.243)
(0.261)
(0.25)
A2 Time [ms]
21.98
22.124
22.035
21.778
21.926
21.849
21.915
21.933
21.745
21.84
21.688
21.706
21.835
21.958
21.881
(0.503)
(0.376)
(0.404)
(0.984)
(1.245)
(1.193)
(0.506)
(0.703)
(1.038)
(0.563)
(1.227)
(0.611)
(0.407)
(0.373)
(0.413)
A2 Velocity [m/s]
-0.328
-0.366
-0.349
-0.33
-0.364
-0.339
-0.326
-0.354
-0.335
-0.345
-0.351
-0.369
-0.331
-0.36
-0.349
(0.055)
(0.07)
(0.054)
(0.092)
(0.088)
(0.079)
(0.071)
(0.062)
(0.081)
(0.062)
(0.102)
(0.076)
(0.061)
(0.058)
(0.065)
0.884
0.965
0.927
0.971
0.962
0.927
0.945
0.999
0.977
0.904
0.923
0.917
0.861
0.94
0.909
(0.106)
(0.104)
(0.088)
(0.267)
(0.142)
(0.179)
(0.133)
(0.178)
(0.184)
(0.126)
(0.134)
(0.119)
(0.087)
(0.123)
(0.094)
15.901
16.254
16.669
16.903
16.257
16.162
16.119
16.341
16.072
16.258
16.248
16.183
16.158
16.473
16.1
(0.625)
(1.72)
(2.57)
(3.227)
(1.939)
(2.597)
(0.788)
(2.114)
(0.777)
(0.589)
(0.606)
(0.536)
(0.65)
(2.461)
(0.592)
-0.126
-0.13
-0.14
-0.108
-0.072
-0.113
-0.053
-0.126
-0.114
-0.144
-0.147
-0.154
-0.123
-0.128
-0.142
(0.025)
(0.023)
(0.025)
(0.032)
(0.272)
(0.054)
(0.484)
(0.042)
(0.147)
(0.028)
(0.028)
(0.032)
(0.024)
(0.025)
(0.021)
Deflection Amp. Max
[mm]
Deflection Amp. Max
[ms]
HC dArc Length
[mm]
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Central
PC-N
PC-T
PC-S
PC-I
Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3)
HC Deflection Amp.
0.863
0.945
0.907
0.886
0.932
0.906
0.919
0.967
0.938
0.891
0.914
0.908
0.853
0.918
0.898
[mm]
(0.105)
(0.101)
(0.086)
(0.149)
(0.112)
(0.171)
(0.134)
(0.144)
(0.127)
(0.125)
(0.134)
(0.119)
(0.089)
(0.084)
(0.095)
HC Deflection
6.211
6.48
6.293
6.071
6.426
6.248
6.272
6.421
6.287
6.493
6.647
6.482
6.132
6.421
6.299
Length [mm]
(0.384)
(0.302)
(0.347)
(0.345)
(0.48)
(0.483)
(0.988)
(0.426)
(0.669)
(0.516)
(0.506)
(0.472)
(0.387)
(0.328)
(0.318)
HC Deformation
1.058
1.125
1.094
1.098
1.119
1.113
1.132
1.195
1.169
1.081
1.088
1.088
1.02
1.09
1.071
Amp. [mm]
(0.105)
(0.109)
(0.098)
(0.165)
(0.13)
(0.198)
(0.155)
(0.157)
(0.179)
(0.146)
(0.152)
(0.126)
(0.102)
(0.104)
(0.099)
HC Time [ms]
16.59
16.41
16.562
16.393
16.319
16.482
16.646
16.499
16.519
16.505
16.381
16.349
16.26
16.141
16.342
(0.61)
(0.554)
(0.428)
(0.794)
(0.652)
(0.545)
(0.64)
(0.653)
(0.572)
(0.367)
(0.529)
(0.469)
(0.504)
(0.526)
(0.517)
Peak Dist. [mm]
4.963
5.208
5.038
5.114
5.35
5.106
5.255
5.092
5.021
5.104
5.004
4.965
5.153
5
5 (0.547)
(0.304)
(0.21)
(0.211)
(0.397)
(0.465)
(0.409)
(0.478)
(0.412)
(0.322)
(0.412)
(0.349)
(0.263)
(0.209)
(0.231)
6.897
6.786
6.775
7.008
6.691
6.821
6.764
6.834
6.829
7.461
7.331
7.042
7.014
6.891
6.824
(1.125)
(0.715)
(0.654)
(1.296)
(0.786)
(0.968)
(1.466)
(0.793)
(0.964)
(1.07)
(0.86)
(0.791)
(0.96)
(0.718)
(0.735)
Radius [mm]

Table A-13.16: Descriptive analysis of the biometric cluster groups for CST metrics centrally and peripherally in four meridians (n=113).
Central
PC-N
PC-T
PC-S
PC-I
Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3)
A1 dArc Length
-0.018
-0.017
-0.019
-0.029
-0.023
-0.031
-0.035
-0.032
-0.037
-0.024
-0.02
-0.024
-0.019
-0.019
-0.02
[mm]
(0.003)
(0.003)
(0.004)
(0.032)
(0.035)
(0.044)
(0.035)
(0.037)
(0.04)
(0.018)
(0.007)
(0.008)
(0.003)
(0.006)
(0.006)
A1 Deflection Amp.
0.097
0.097
0.1
0.137
0.109
0.134
0.157
0.16
0.175
0.122
0.111
0.115
0.1
0.102
0.104
[mm]
(0.01)
(0.012)
(0.011) (0.104)
(0.064)
(0.121)
(0.108)
(0.123)
(0.15)
(0.07)
(0.025)
(0.026)
(0.014) (0.023)
(0.021)
A1 Deflection Length 2.381
2.32
2.39
2.169
2.159
2.162
2.135
2.175
2.214
2.599
2.531
2.545
2.439
2.421
2.418
[mm]
(0.16)
(0.148)
(0.125)
(0.311)
(0.354)
(0.327)
(0.574)
(0.438)
(0.405)
(0.254)
(0.276)
(0.246)
(0.177)
(0.158)
(0.18)
A1 Deformation
0.13
0.131
0.133
0.171
0.142
0.177
0.189
0.199
0.212
0.161
0.149
0.155
0.138
0.141
0.14
Amp. [mm]
(0.02)
(0.018)
(0.014)
(0.103)
(0.067)
(0.126)
(0.108)
(0.124)
(0.15)
(0.074)
(0.028)
(0.028)
(0.018)
(0.033)
(0.026)
A1 Length [mm]
1.854
1.881
1.858
1.865
1.847
1.825
1.846
1.835
1.809
1.875
1.89
1.865
1.877
1.872
1.846
(0.093)
(0.042)
(0.042)
(0.067)
(0.067)
(0.077)
(0.07)
(0.059)
(0.066)
(0.068)
(0.082)
(0.05)
(0.036)
(0.075)
(0.06)
A1 Time [ms]
7.307
7.151
7.269
7.266
7.138
7.26
7.322
7.201
7.359
7.621
7.607
7.707
7.376
7.246
7.344
(0.336)
(0.245)
(0.221)
(0.286)
(0.274)
(0.276)
(0.304)
(0.239)
(0.308)
(0.573)
(0.634)
(0.598)
(0.308)
(0.249)
(0.249)
A1 Velocity [m/s]
0.162
0.165
0.165
0.152
0.151
0.152
0.152
0.154
0.15
0.147
0.143
0.145
0.158
0.162
0.158
(0.022)
(0.017)
(0.017)
(0.021)
(0.013)
(0.018)
(0.019)
(0.017)
(0.017)
(0.031)
(0.03)
(0.029)
(0.019)
(0.019)
(0.02)
-0.024
-0.022
-0.026
-0.008
-0.014
-0.003
-0.047
-0.028
-0.033
-0.03
-0.026
-0.028
-0.022
-0.022
-0.025
(0.006)
(0.008)
(0.008)
(0.035)
(0.031)
(0.058)
(0.031)
(0.055)
(0.09)
(0.022)
(0.012)
(0.014)
(0.009)
(0.012)
(0.012)
0.111
0.115
0.115
0.173
0.136
0.144
0.189
0.187
0.223
0.144
0.136
0.132
0.112
0.112
0.116
(0.012)
(0.04)
(0.017)
(0.179)
(0.143)
(0.179)
(0.102)
(0.132)
(0.239)
(0.075)
(0.054)
(0.028)
(0.016)
(0.029)
(0.025)
2.667
2.553
2.392
2.257
2.183
2.291
3.313
2.856
3.152
3.156
2.875
2.894
2.6
2.542
2.594
(0.904)
(0.6)
(0.872)
(1.221)
(1.157)
(1.096)
(1.602)
(1.145)
(1.327)
(0.526)
(0.815)
(0.886)
(0.684)
(0.615)
(0.716)
A2 dArc Length
[mm]
A2 Deflection Amp.
[mm]
A2 Deflection Length
[mm]
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Central
PC-N
PC-T
PC-S
PC-I
Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3) Group(1) Group(2) Group(3)
A2 Deformation
0.413
0.39
0.404
0.478
0.401
0.447
0.494
0.5
0.527
0.423
0.401
0.4
0.347
0.364
0.376
Amp. [mm]
(0.066)
(0.074)
(0.069)
(0.181)
(0.168)
(0.192)
(0.125)
(0.177)
(0.204)
(0.107)
(0.084)
(0.081)
(0.067)
(0.114)
(0.096)
A2 Length [mm]
1.833
1.813
1.846
1.848
1.765
1.794
1.787
1.793
1.829
1.95
1.893
1.93
1.824
1.828
1.8
(0.237)
(0.311)
(0.22)
(0.343)
(0.353)
(0.266)
(0.336)
(0.258)
(0.252)
(0.157)
(0.299)
(0.173)
(0.243)
(0.261)
(0.25)
A2 Time [ms]
21.98
22.124
22.035
21.778
21.926
21.849
21.915
21.933
21.745
21.84
21.688
21.706
21.835
21.958
21.881
(0.503)
(0.376)
(0.404)
(0.984)
(1.245)
(1.193)
(0.506)
(0.703)
(1.038)
(0.563)
(1.227)
(0.611)
(0.407)
(0.373)
(0.413)
A2 Velocity [m/s]
-0.328
-0.366
-0.349
-0.33
-0.364
-0.339
-0.326
-0.354
-0.335
-0.345
-0.351
-0.369
-0.331
-0.36
-0.349
(0.055)
(0.07)
(0.054)
(0.092)
(0.088)
(0.079)
(0.071)
(0.062)
(0.081)
(0.062)
(0.102)
(0.076)
(0.061)
(0.058)
(0.065)
Deflection Amp. Max 0.884
0.965
0.927
0.971
0.962
0.927
0.945
0.999
0.977
0.904
0.923
0.917
0.861
0.94
0.909
[mm]
(0.106)
(0.104)
(0.088)
(0.267)
(0.142)
(0.179)
(0.133)
(0.178)
(0.184)
(0.126)
(0.134)
(0.119)
(0.087)
(0.123)
(0.094)
Deflection Amp. Max 15.901
16.254
16.669
16.903
16.257
16.162
16.119
16.341
16.072
16.258
16.248
16.183
16.158
16.473
16.1
[ms]
(0.625)
(1.72)
(2.57)
(3.227)
(1.939)
(2.597)
(0.788)
(2.114)
(0.777)
(0.589)
(0.606)
(0.536)
(0.65)
(2.461)
(0.592)
HC dArc Length
-0.126
-0.13
-0.14
-0.108
-0.072
-0.113
-0.053
-0.126
-0.114
-0.144
-0.147
-0.154
-0.123
-0.128
-0.142
[mm]
(0.025)
(0.023)
(0.025)
(0.032)
(0.272)
(0.054)
(0.484)
(0.042)
(0.147)
(0.028)
(0.028)
(0.032)
(0.024)
(0.025)
(0.021)
HC Deflection Amp.
0.863
0.945
0.907
0.886
0.932
0.906
0.919
0.967
0.938
0.891
0.914
0.908
0.853
0.918
0.898
[mm]
(0.105)
(0.101)
(0.086)
(0.149)
(0.112)
(0.171)
(0.134)
(0.144)
(0.127)
(0.125)
(0.134)
(0.119)
(0.089)
(0.084)
(0.095)
HC Deflection
6.211
6.48
6.293
6.071
6.426
6.248
6.272
6.421
6.287
6.493
6.647
6.482
6.132
6.421
6.299
Length [mm]
(0.384)
(0.302)
(0.347)
(0.345)
(0.48)
(0.483)
(0.988)
(0.426)
(0.669)
(0.516)
(0.506)
(0.472)
(0.387)
(0.328)
(0.318)
HC Deformation
1.058
1.125
1.094
1.098
1.119
1.113
1.132
1.195
1.169
1.081
1.088
1.088
1.02
1.09
1.071
Amp. [mm]
(0.105)
(0.109)
(0.098)
(0.165)
(0.13)
(0.198)
(0.155)
(0.157)
(0.179)
(0.146)
(0.152)
(0.126)
(0.102)
(0.104)
(0.099)
HC Time [ms]
16.59
16.41
16.562
16.393
16.319
16.482
16.646
16.499
16.519
16.505
16.381
16.349
16.26
16.141
16.342
(0.61)
(0.554)
(0.428)
(0.794)
(0.652)
(0.545)
(0.64)
(0.653)
(0.572)
(0.367)
(0.529)
(0.469)
(0.504)
(0.526)
(0.517)
Peak Dist. [mm]
4.963
5.208
5.038
5.114
5.35
5.106
5
5.255
5.092
5.021
5.104
5.004
4.965
5.153
5
(0.304)
(0.21)
(0.211)
(0.397)
(0.465)
(0.409)
(0.547)
(0.478)
(0.412)
(0.322)
(0.412)
(0.349)
(0.263)
(0.209)
(0.231)
6.897
6.786
6.775
7.008
6.691
6.821
6.764
6.834
6.829
7.461
7.331
7.042
7.014
6.891
6.824
(1.125)
(0.715)
(0.654)
(1.296)
(0.786)
(0.968)
(1.466)
(0.793)
(0.964)
(1.07)
(0.86)
(0.791)
(0.96)
(0.718)
(0.735)
Radius [mm]
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Table A-13.17: Significant correlations between CH and ocular biometrical characteristics (n=113, p>0.050)
CH
C
N
T
S
I
Axial length
-0.188
-0.208
-0.173
-0.304
Corneal diameter
-0.168
-0.190
-0.277
-0.232
LL N
0.156
0.251
ST I (SP)
0.165
0.167
0.205
SL-T I
0.165
0.167
0.205
LL
0.169
0.192
0.170
LL T
0.175
CL-T
0.186
0.225
CL-T I
0.203
0.200
0.167
0.220
0.212
ST I (4mm)
0.208
0.210
CL-T S
0.218
0.201
0.212
0.285
0.293
Dens (10-12mm)
0.218
Dens (6-10mm)
0.223
CL-T N
0.238
0.169
0.185
0.289
LL IN
0.242
0.261
0.298
Corneal volume
0.272
0.159
0.184
0.328
0.336
CT (P)
0.273
0.222
0.300
0.344
ST T(7mm)
0.275
ACV (C )
0.287
0.166
0.322
0.318
CT (PC)
0.326
0.190
0.157
0.321
0.339
c
0.339
0.199
0.162
0.310
0.315
CCT
0.339
0.199
0.162
0.310
0.315
ST SN(6mm)
0.568
Dens C(0-2mm)
-0.242
-0.203
-0.195
Dens (0-2mm)
-0.203
-0.193
-0.181
Dens Posterior (2-6mm)
-0.184
Dens Posterior (0-2mm)
-0.181
Dens Posterior
-0.176
Astigmatismus type
0.000
MSE
0.179
0.215
LL IT
0.266
0.234
0.280
ST N(7mm)
0.349
0.309
0.305
0.292
SR N(P)
-0.208
-0.271
-0.174
SR N(PC)
-0.170
-0.187
SR T(P)
-0.169
ACV (PC)
-0.163
ST (7mm)
0.171
0.164
ST (5mm)
0.185
ST N(6mm)
0.223
0.307
LL ST
0.265
0.277
0.229
ACA S
0.313
0.195
SR (PC)
-0.160
Slope1
0.187
0.211
ST IT(7mm)
0.404
SR (P)
-0.161
SL-T
0.205
ST (SP)
0.210
ST N(SP)
0.258
SL-T N
0.258
ST SN(7mm)
0.635
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Table A-13.18: Significant correlations between CRF and ocular biometrical characteristics (n=113, p>0.050)
CRF
C
N
T
S
I
LL
0.154
0.161
ST I(1mm)
0.159
LL N
0.185
0.178
0.271
LL T
0.192
Dens (10-12mm)
0.195
ACV (P)
0.196
0.209
0.163
Dens (6-10mm)
0.196
CL-T N
0.205
0.160
0.168
0.165
0.229
CL-T
0.224
0.193
0.185
0.157
0.229
ST I (SP)
0.227
0.228
0.191
SL-T I
0.227
0.228
0.191
ST T(7mm)
0.275
CL-T S
0.278
0.269
0.278
0.299
0.366
CL-T I
0.285
0.276
0.235
0.284
0.282
LL IN
0.292
0.259
Corneal volume
0.351
0.265
0.248
0.362
0.377
CT (P)
0.367
0.289
0.289
0.336
0.417
ACV (C )
0.393
0.294
0.254
0.390
0.418
CT (PC)
0.444
0.330
0.285
0.390
0.468
CCT
0.464
0.338
0.279
0.395
0.464
c
0.474
0.350
0.287
0.389
0.471
ST SN(7mm)
0.712
0.659
0.736
0.726
ST SN(6mm)
0.721
0.547
0.563
0.527
0.544
Dens C(0-2mm)
-0.195
Dens Posterior (0-2mm)
-0.180
Dens Posterior
-0.173
Astigmatismus type
0.000
ST (SP)
0.159
SL-T
0.161
ACV (PC)
0.162
LL IT
0.249
ST IT
-0.232
-0.261
ACA S
0.217
SR N(P)
-0.188
Corneal diameter
-0.172
Slope2
-0.171
m2
0.159
Intercept Slope 2
0.173
LL ST
0.260
ST IT(3mm)
-0.286
ST IT(2mm)
-0.223
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Table A-13.19: Significant correlations between APLHF and ocular biometrical characteristics (n=113, p>0.050)
APLHF
C
N
T
S
I
ST
-0.253
ST I (4mm)
-0.216
-0.248
LL IN
0.269
cAsti
-0.165
J0
0.174
LL S
0.182
-0.203
TP
0.230
Dens C(2-6mm)
0.260
0.210
ST ST(1mm)
0.275
ST ST(5mm)
0.276
-0.241
ST ST(4mm)
0.294
-0.260
ST ST(3mm)
0.307
-0.227
0.310
-0.224
ST ST
ST ST(2mm)
0.320
LL IT
0.327
ACA S
-0.202
-0.232
Slope1
-0.172
ACA T
-0.162
-0.195
ACA
-0.158
Dens C(0-2mm)
0.171
SR N(P)
0.184
SR (P)
0.204
LT
0.208
Dens (6-10mm)
0.214
CL-T S
-0.186
LL T
0.167
ST SN(5mm)
-0.382
ST IT(7mm)
-0.346
ST IT(5mm)
-0.336
ST IT(4mm)
-0.279
ST IN(5mm)
-0.270
ST S(4mm)
-0.264
ST IN(2mm)
-0.255
ST IN(3mm)
-0.255
ST IN(4mm)
-0.247
ST (3mm)
-0.246
ST S(5mm)
-0.244
ST IN
-0.242
ST (2mm)
-0.233
ST (4mm)
-0.226
ST S(3mm)
-0.209
ST
-0.203
ST I(3mm)
-0.188
R2
-0.171
ST (5mm)
-0.163
ACV (P)
-0.157
-0.156
ST T(2mm)
ST (1mm)
-0.156
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Table A-13.20: Significant correlations between WFS and ocular biometrical characteristics (n=113, p>0.050)
WFS
C
N
T
S
I
Slope1
-0.167
ST T(4mm)
-0.163
CCT
0.158
0.160
rflat
0.161
c
0.169
0.162
Dens Anterior (2-6mm)
0.176
ACV (P)
0.176
SR T(PC)
0.176
SR S(PC)
0.179
ACD
0.188
0.206
SR (PC)
0.188
r
0.197
0.186
SR (PC)
0.204
rsteep
0.205
0.176
Axial length
0.215
0.163
ST S(5mm)
-0.311
Dens Posterior (10-12mm)
-0.284
LL IT
-0.266
Dens C(2-6mm)
-0.249
0.235
LL I
-0.204
-0.167
Dens (10-12mm)
-0.188
-0.242
0.169
TP
-0.186
Dens (6-10mm)
-0.183
-0.171
0.277
ST I(1mm)
-0.173
Dens Anterior (6-10mm)
-0.170
ST (1mm)
-0.166
Astigmatismus type
0.000
ACA S
0.163
ST N(2mm)
0.170
ST I(6mm)
-0.997
CT (PC)
0.157
CT (P)
0.168
ST ST(6mm)
0.304
ACS N
-0.158
Dens (6-10mm)
0.204
ST N(6mm)
0.230
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Appendix for Chapter VI section 13.4.5.5 (page 357): Association with demographical
characteristics and ocular biometry – Intereye comparison
Table A-13.21: Intereye comparison for the kinetic characteristics (n=113, two-tailed t-test for paired samples)
OD
OS
r
p
0.09
0.08
0.508
Hysteresis e^
0.671
(0.0476)
(0.0451)
(0.000)
288318
270562
0.409
ELoss e^
0.314
(138980.5)
(125481.9)
(0.001)
458629
501990
0.356
EStore e^
0.001
(94842.9)
(78352)
(0.003)
0.55
0.49
0.274
Damping e^
0.062
(0.224)
(0.174)
(0.041)
54.42
50.37
0.263
EDyn e^
0.000
(7.519)
(5.703)
(0.030)
192.89
228.30
0.537
Compressibility (kappa) e^
0.000
(53.947)
(62.267)
(0.000)
212.86
213.32
-0.018
Rigidity e^
0.603
(4.325)
(5.780)
(0.886)
0
0
-0.013
Resilience e^
0.635
(0.0001)
(0.0001)
(0.913)
0.22
0.24
-0.172
Hysteresis e||
0.687
(0.232)
(0.215)
(0.167)
507
460
-0.068
ELoss e||
0.559
(483.6)
(400.7)
(0.579)
230
149
0.216
EStore e||
0.009
(232.6)
(138.4)
(0.082)
11.5
5.8
-0.133
Damping e||
0.250
(38.88)
(5.31)
(0.282)
60215.5
59840.6
-0.093
EDyn e||
0.927
(23051.44)
(22117.49)
(0.449)
0.21
0.48
-0.049
Compressibility (kappa) e||
0.326
(0.147)
(2.235)
(0.691)
88123.1
76226.2
0.566
Rigidity e||
0.795
(444012.31)
(333366.07)
(0.000)
0.170
Resilience e||
0 (0)
0 (0)
0.225
(0.167)

A-63

Presentations

Publications
CONFERENCE PAPER (PAPER SESSION): Thin film nanocomposite sensors incorporating
graphene for spatially mapping the air pressure pulse used in glaucoma testing
instrumentation
D Jenkins1, J Bloor1, V Peddakotla2, D Oehring3
1 School of Computing, Electronics and Mathematics, Plymouth University, UK; 2 Saveetha
School of Engineering, Saveetha University, Chennai, India; 3 Plymouth University Faculty of
Health and Human Sciences, Plymouth, United Kingdom

Presented at: 1st International Conference on Nanoscience and Nanotechnology (ICNAN ’16),
At VIT University, Volume: 1

A long-standing area of eye health care concerns the reliable Assessment of the intraocular
pressure for monitoring glaucoma, especially in it early stage. One standard test involves
delivering a puff of air to the cornea and using to detect the deformation induced at the cornea.
This is to gauge the pressure inside the eye. A significant issue in this area is mapping of the
spatial and temporal properties of the pressure wave with that of the cornea. The paper will
present some initial results on measurement of the average pressure received at the cornea
using a commercially available MEMS pressure sensor. In order to measure the required spatial
and temporal properties of this pressure wave, compliant nanocomposite thick film have been
fabricated. The films are based upon PVDF, a piezoelectric polymer, but doped with
functionalized carbon nanotubes or functionalized graphene at different weight % doping
levels. The paper will present the initial results of this study, which are very encouraging for this
application.
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CONFERENCE PAPER (Poster): Corneal biomechanics in glaucomatous eyes with and without
diabetes type II
Stephanie Mackaus1, Amelie Schultze1, Daniela Oehring2
1 Beut Hochschule für Technik, Berlin, Germany; 2 Plymouth University Faculty of Health and
Human Sciences, Plymouth, United Kingdom

Presented at: American Academy of Optometry, At New Orleans, Volume: 94; DOI:
10.13140/RG.2.1.2920.2967; October 2015,

Purpose: To assess and to compare the ORA biomechanical properties in primary open angle
glaucomatous eyes with and without diabetes type II.
Methods: A prospective study included 21 POAG patients without diabetes II (G) (52% male;
68.3±10.1years) and 20 with POAG and diabetes II (DG) (45% male; 72.9±7.5years). There were no
significant differences in gender and age between groups. The biomechanics were assessed
with ORA (Reichert Inc.) - in particular corneal hysteresis (CH), corneal-resistance-factor (CRF)
and IOPcc – consecutively three times. Pentacam (Oculus) was used to measure centralcorneal-thickness (CCT). Only right eyes were measured. Standard descriptive analyses were
used to describe the biomechanics. To assess differences between groups, the unpaired, twotailed t-test was conducted. Pearson correlation coefficient was calculated to compare groups.
Results: The mean CH in G was 8.8±1.8mmHg and in DG 9.9±1.8mmHg, CRF 8.9±1.4 in G and
9.8±1.8 in DG. CH and CRF were not significant different (p=0.064, p=0.066). There were no
significant difference between IOPcc (G 16.9±3.8mmHg; DG 16.6±4.0mmHg; p=0.832) and CCT
(G 539.7±30.5μm; DG 547.1±27.4μm; p=0.420). Positive association could be found between CCT
and CH (G r=0.702, p=0.000; DG r=0.615, p=0.004), CRF (DG r=0.489, p=0.029) and IOPcc (G r=0.516,
p=0.017). A negative one was found between IOPcc and CRF in DG r=-0.577, p=0.008. No
significant correlation (p<0.05) in G between CCT and CRF; IOPcc and CH, CRF, respectively. In
DG, no significant association was found between CCT and CH with IOPcc.
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Conclusion: This study shows the magnitude of ORA biomechanics in glaucomatous eyes with
and without diabetes II in comparison. Different degrees and directions of association could be
found between biomechanical properties, CCT and IOPcc, which show that the structural
changes of glaucomatous eyes differ with the presence of diabetes II. These findings provide a
better understanding of biomechanics in diseased eyes.
Keywords: corneal hysteresis, corneal resistance factor, Ocular Response Analyzer, central
corneal thickness, primary open angle glaucoma, diabetes mellitus type 2
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CONFERENCE PAPER (POSTER): Investigating the association between ocular biometry and
corneal biomechanics in healthy humans
Daniela Oehring1; Christine Purslow1,2; Phillip Buckhurst1; Hetal Buckhurst1
1 Plymouth University Faculty of Health and Human Sciences, Plymouth, United Kingdom; 2
School of Optometry & Vision Sciences, Cardiff University, United Kingdom

Presented at: The Annual Meeting of the Association for Research in Vision and Ophthalmology
(ARVO), Denver, USA; May 2015

Purpose: The CorvisST (Oculus) and Reicherts Ocular Response analyzer (ORA) provide in vivo
measures of corneal biomechanics. It is likely that the structure of the ocular globe affects the
biomechanics. The study assesses the association between corneal biomechanics using
CorvisST and ORA and theirs with axial length (AL), refractive error and central corneal thickness
(CCT) in healthy eyes.
Method: Corneal biomechanics was assessed in 43 healthy adults (18-40 yrs (25.2±7.0); 81%
female, 19% male) with CorvisST and ORA. The biomechanics of both eyes were evaluated
randomized. Measures of length (L), time (T) of the applanation point 1 (A1) and 2 (A2) and the
highest concavity (HC) were determined with CorvisST. The ORA provided measures of corneal
hysteresis (CH) and corneal resistance factor (CRF). Refractive error [MSE (D)] and AL were
measured using cycloplegic autorefraction and the Haag Streit LenStar. CCT was determined
with Pentacam (Oculus). Subjects were grouped according to MSE (D): myopic (<-0.50) -2.96+/1.99, AL 24.82+/-1.05mm, n=18; non-myopic (≥-0.50) +0.80+/-1.23, AL 23.27+/-0.90mm, n=23. To
evaluate the relationship between MSE, AL and biomechanics a multivariate variance analysis
was conducted, using CCT and age as covariates. Correlation coefficient was calculated CCT
and age-adjusted.
Results: Mean CCT was 559+/-37µm, CRF 13.0+/-11.6, CH 13.6+/-12.7, A1T 7.12+/-0.25sec, A1L
1.79+/-0.04mm, A2T 21.98+/-1.49sec, A2L 1.70+/-0.35mm and HC 16.71+/-0.61mm. Significant
correlation was found between MSE and AL (r=-0.826, p=0.000). No significant effect of MSE was
found for CorvisST and ORA metrics. When assessing the groups separately, no significant
P-4
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(p>0.05) correlation was found between corneal biomechanics and MSE and AL (p>0.05) for the
myopics. In the non-myopic group a positive association was identified between AL and CRF
(r=0.458, p=0.049), CH (r=0.457, p=0.049) and A1L (r=0.456, p=0.013) while AL and HC were found
to be negatively correlated (r=-0.487, p=0.036).
Conclusion: The study demonstrates significant correspondence between corneal
biomechanics parameters derived from CorvisST and ORA and AL in non-myopics. The results
have interesting implications on the role of corneal biomechanics in MSE development. Further
investigation into the relationship between biometric and corneal biomechanical properties in
keratoconus, refractive surgery and juvenile myopia is required.
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CONFERENCE PAPER (POSTER): Measuring and interpreting the biomechanical properties of
the cornea
Daniela Oehring1; Christine Purslow1,2; Phillip Buckhurst1; Hetal Buckhurst1
1 Plymouth University Faculty of Health and Human Sciences, Plymouth United Kingdom; 2
School of Optometry & Vision Sciences, Cardiff University, United Kingdom

Presented at: British Congress of Vision Science (BCOVS), Glasgow, United Kingdom;
September 2013, DOI: 10.13140/RG.2.1.2920.2967

Purpose: The accurate measurement and interpretation of the biomechanical properties of the
cornea is important to refractive and therapeutic corneal treatment. An evaluation of studies
that have assessed corneal biomechanics with devices such as the Ocular Response Analyser
(ORA; Reichtert Inc) and the CorvisST (Oculus Optikgeraete GmbH) identify some questions
regarding the validity and reliability of the biomechanical metrics obtain with these instruments.
This analysis compares the metrics provided by the two instruments but also discusses factors
which may contribute to the assessment of corneal biomechanics in vivo.
Method: A systematic literature review was done using common scientific databases. The focus
by searching was on availability, measurement principles, value calculation as well as
influencing factors. 132 peer-reviewed articles were read and analysed.
Results: Biomechanical properties of the cornea were analysed with a couple of measurement
principles in the past. The most widely used method is the applanation tonometry by deforming
the corneal surface with a defined air puff. The ORA and the CorvisST are based on this principle.
Technical assumptions inherent to the devices may need to be considered when assessing
corneal biomechanics. The air puff pressure parabola, with which the biomechanical
parameters will be calculated for each measurement, seems to be extrapolated and need to be
investigated. Additionally, the comparability between both devices is not evaluated.
Furthermore, surface hydration, tear film stability, corneal thickness, corneal temperature is
also likely to be important.
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Conclusion: The clinical values of accurate and valid measures of corneal biomechanics are
large. Future investigations need to identify the magnitude and relevance of uncontrolled
biological and technical variables.
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