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Preface

What do we mean by the term ocular rigidity? Is it a concept that is relevant in 
2020? What is the interplay between ocular biomechanics and hydro- and 
hemodynamics?

These are some of the questions this book is trying to answer. The concept of ocu-
lar rigidity has been one of the main research interests of our team during the past few 
years, but ocular rigidity is a rather old concept, probably since the early 1930s. But 
how and why is it relevant now? The recent reappraisal of eye biomechanics in the 
pathophysiology of eye diseases, as well as the recent increase in the existing body of 
knowledge around eye biomechanics, gives us the opportunity to revisit the concept of 
ocular rigidity. In fact, this book tries to bridge the varying terminology. This is indeed 
an attempt to gather and present all the available knowledge around ocular rigidity, the 
factors that may affect it, and its associations with common eye conditions like glau-
coma, age-related macular degeneration, high myopia, and corneal ectasias. The book 
also tries to give both the clinician’s and the engineer’s perspective on the subject. For 
instance, we now have new information on the properties of the cornea, and it seems 
that we are going to understand more on what these new parameters mean in the years 
to come. We also have new instruments that can help us characterize tissue properties 
in vivo, and these may provide new important disease biomarkers. In many chapters, 
some basic terminology is repeated in order for the reader to follow the fundamental 
principles and in a way that each chapter can be read separately and appreciated indi-
vidually. There are chapters focusing specifically on the local biomechanical proper-
ties of the different structures: the lens, the cornea, the sclera, and the choroid. And 
because the shape, structure, and function of most components of the eye are affected 
from the hydrodynamics of the blood and aqueous flow, we have added a chapter 
discussing aqueous fluidics. The perception of the eye as a dynamic structure and the 
understanding of ocular hydrodynamics are crucial in this book.

We sincerely thank all the authors for their valuable contribution to this book.

Heraklion, Crete, Greece Ioannis Pallikaris 
Heraklion, Crete, Greece  Miltiadis K. Tsilimbaris 
Larissa, Greece  Anna I. Dastiridou  
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Chapter 1
Basic Engineering Concepts 
and Terminology Underlying Ocular 
Rigidity

Elizabeth M. Boazak and C. Ross Ethier

 An Introduction to Stress and Strain

Much of tissue mechanics seeks to understand forces within tissues, the resulting 
deformations of the tissue, and how the forces are related to the deformations. To 
understand these concepts, an understanding of relevant terminology is essential. 
For introductory information regarding stress and strain beyond what is reported 
here, we recommend referring to the books by Fung [1], Timoshenko [2], and Wang 
[3]. More advanced concepts are described by Humphrey [4] and Holzapfel [5].

Stress, typically represented with the Greek letter σ, is the ratio of an applied 
force, F, to the cross-sectional area over which it is applied, A.

 � � F A/  (1.1)

Conceptually, stress is a normalized load; the normalization by area is useful 
when comparing the response of differently-sized samples to mechanical loading, 
since it reflects what the cells and extracellular matrix “feel” at the local level as 
load is applied. There are important differences in the types of stress (Fig. 1.1): 
tensile and compressive stresses are referred to as normal stresses, as they arise 
from loads applied normal (perpendicular) to the area of interest, which is often the 
cross sectional area of the sample, as shown in Fig. 1.1. On the other hand, shear 
stresses arise when the force is applied parallel to the area of interest, such as the 
stress produced on vascular endothelium in the direction of blood flow. In the eye, a 
very important normal compressive stress is pressure, which, by definition, always 
acts normal to any surface that is exposed to the pressure.
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In the same way that stress is the normalized metric of load, strain is the normal-
ized metric of deformation. Typically represented with the Greek letter ε, strain is 
the ratio of the change in length to the original length of the sample (or tissue region 
of interest; Fig. 1.2).

 � � dL L/ 0 (1.2)

The normalization of the magnitude of deformation by the original length means 
that the value for strain is dimensionless. As such, it is common to give strains as a 
percentage or to state units such as mm/mm.

It is of note that the stress at a single location depends on both the orientation of 
the cross-sectional area, A, and the orientation of the applied force, F, acting on 
A. A mathematical entity that depends on two directions is called a second-order 
tensor [4, 5], a mathematically complex object. It is possible to extract three key 
quantities (in 3D) from such a tensor, termed the first, second and third principal 
stress. For most biological materials, the first principal stress is the largest tensile 

Force Force

Force

Area Area Area

Compression Tension Shear

Fig. 1.1 Schematic of the 
forces and areas used to 
calculate compressive, 
tensile, and shear stresses. 
Here we have considered 
stresses internal to the 
body produced by internal 
forces acting on a virtual 
surface within the body

Original Length
(L0)

Length
 Change

(dL)

Fig. 1.2 Schematic of 
deformation arising from 
tensile loading. Change in 
length is normalized by the 
original length to give 
tensile strain
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stress, while the third principal stress is the compressive stress with greatest magni-
tude. Often these principal stresses are reported, rather than the various components 
of the stress tensor. Similarly, strain is a second order tensor, and we can speak 
about principal strains and report the first and third principal strains, and quantities 
derived from them.

The aforementioned definitions are for engineering stress and strain, as opposed 
to true stress and strain. Engineering stresses and strains are calculated from the 
initial sample geometry, while true stresses and strains are calculated from the 
instantaneous sample geometry, accounting for the gradual changes in dimensions 
and orientations as the sample deforms. For this reason, engineering stresses and 
strains can include an artifactual contribution as the tissue region rotates, which in 
general can occur as part of an arbitrary deformation. The consideration of such 
effects can be very complex [5] and is beyond the scope of this chapter.

A generic graph showing stress vs. engineering and true strain is shown in 
Fig. 1.3. The true strain curve is the more intuitive of the two, as the stress in the 
material continually increases with sample deformation until the point of fracture. 
In contrast, the region immediately preceding material failure in the engineering 
stress vs. strain curve will often show decreasing stress values. In reality, the stress 
in the material is not decreasing. Rather, the decrease in sample cross-sectional area, 
which is unaccounted for in the engineering stress calculation, is marked enough to 
offset the small increase in force magnitude for a given change in deformation. 
Despite this misrepresentation of the internal state of a tested material, engineering 
stress and strain are significantly more straightforward to calculate and understand, 
and in many situations, provide adequate information about specimen material 
properties. Specifically, if deformations are small, then true stress and strain can be 
shown to be well-approximated by engineering stress and strain. The question as to 
whether engineering stress/strain are acceptable approximations to true stress/strain 
in the eye depend on the specific situation under consideration, and must be evalu-
ated carefully.

true stress-strain curve

engineering
stress-strain curve

F

F

Strain, ε

S
tr

es
s,

 σ *

*

Fig. 1.3 Comparison of 
true and engineering stress 
strain curves, with the 
fracture point (F) indicated 
for each
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When calculating the stress generated in a tissue under a given loading scenario, 
it is important to consider the shape and uniformity of a sample, as well as the uni-
formity of an applied load. Nonuniformities can cause stress concentration [2, 3], 
where some portions of the sample experience higher stresses than others. For 
example, in the eye, the optic nerve head concentrates stress in the peripapillary 
sclera [6]. Stress is also concentrated at the limbus, due to a transition in composi-
tion between cornea and sclera and slightly different curvatures of these two tissue 
regions.

 Tissue Material Properties

The relationship between stress and strain is important, in as much as it reflects and 
depends on the intrinsic biomechanical properties of the loaded material/tissue. 
Such relationships between physical quantities that are unique to individual materi-
als are known as constitutive relationships [1, 4]. In its simplest form, this constitu-
tive relationship can be quantified through the elastic modulus, or Young’s modulus, 
defined as the slope of the linear elastic portion of the stress-strain curve. Young’s 
modulus is commonly represented with the letter E.

 E stress strain� �/ /� � (1.3)

The elastic portion of a stress-strain curve is comprised of the strains at which 
deformation is recoverable (i.e. if the load is removed, the sample will return to its 
original length). Beyond a certain stress and strain, termed the elastic limit or yield 
point, deformation is no longer recoverable. This may occur at or beyond the end of 
the region of linear proportionality. Much like fracture, yielding of ocular tissues is 
not of particular concern, even in diseased tissues. However, the elastic limit may 
warrant consideration in experiments subjecting tissues to large deformations.

In most soft tissues, such as the sclera and cornea, the Young’s modulus is pri-
marily governed by extracellular matrix (ECM) composition and organization. The 
organization of load bearing extracellular matrix components, such as collagen, can 
give rise to direction-dependent mechanical properties, a phenomenon known as 
mechanical anisotropy [4]. The Young’s Modulus of an anisotropic (as opposed to 
isotropic) material differs according to the direction in which the material is 
deformed. Both cornea [7] and sclera [8] have anisotropic material properties, and 
anisotropy has been shown to decrease with age [9].

Collagen itself is a highly structured molecule, formed from a triple helix struc-
ture. Collagen molecules are crosslinked outside the cell to form collagen fibrils, 
and fibrils may further assemble into large fibers [1, 4]. This rope-like structure 
gives collagen its high tensile strength. Collagen fibers are observed to have an 
undulating structure which is known as crimp [11–15]. Collagen crimp, in combina-
tion with staggered collagen fiber engagement, gives rise to what is known as the 
“toe region” observed in the stress-strain curve of most biological tissues (Fig. 1.4); 
a phenomenon which has been directly observed in the peripapillary sclera [16]. As 
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collagen uncrimps, little force is required to achieve comparatively large deforma-
tions. Resistance to deformation in this phase is provided by both the collagen crimp 
and the surrounding glycosaminoglycans (GAGs). Once all the collagen fibers are 
uncrimped, aligned, and uniformly bearing load, the tissue is observed to be much 
stiffer. This is the linear elastic portion of the stress train curve, in which the tensile 
properties of collagen fibers are primarily being measured.

It is readily apparent from the model stress-strain curve for a biological tissue 
(Fig. 1.4) that while there is a linear elastic region, a linear elastic model (σ = E*ε) 
does not adequately describe the data. For simple comparisons between materials, it 
may be useful to describe both a “toe-region modulus” as well as a Young’s modu-
lus. Hyperelastic material models, such as Neo-Hookean, Mooney-Rivlin, and oth-
ers can be used to better capture these nonlinearities [4, 5].

Both the cornea and the sclera are comprised of highly organized collagen in 
lamellar structures [9, 17], providing strength to maintain eye shape in the presence 
of intraocular pressure. For even more complex description of material properties, 
tissues can be considered to have a fiber-reinforced structure, where crosslinked col-
lagen fibers are interspersed with proteoglycans. Proteoglycans, comprised of glycos-
aminoglycan (GAG) chains attached to core proteins, are hydrophilic in nature, and 
retain water in the tissue. Many authors have developed microstructural constitutive 
models for fiber-reinforced composites which define the relationship between stress 
and strain based on information about isotropic matrix material properties and the 
characteristics of fibers. For example, Gasser & Holzapfel have created a very well-
known model that includes two families of fibers [18], and other such models exist [1, 
4]. Such mathematical models can be used to make predictions about three-dimen-
sional stresses and strains, accounting for anisotropy introduced by fiber orientation.

S
tr

es
s

0
1

Toe Region

Heel Region

Linear Region

Failure

Stretch

Fig. 1.4 Model stress- 
strain curve for 
collagenous tissue. As 
collagen fibers uncrimp 
and begin to uniformly 
bear load the stress-strain 
relationship transitions 
from the toe region to the 
linear elastic region. 
Reproduced with 
permission from reference 
[10]. Copyright 2005 
American Society of 
Mechanical Engineers
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In addition to nonlinear elastic tissue behavior, biological tissues usually exhibit 
some degree of viscoelasticity, i.e. they are not purely elastic but have some charac-
teristics of a fluid [1]. This arises because the water content in tissues combines with 
elastic components. Importantly, this means that tissue deformation can be time- 
dependent, e.g. the amount of deformation that tissue experiences when it is loaded 
depends on how quickly the load is applied, or more generally, on the history of 
loading, rather than the instantaneous load alone.

Just as elastic material behavior can be simply modeled as a spring (with Eq. 
(1.3) paralleling Hooke’s Law [2]), viscous material behavior is modeled as a dash-
pot. In a dashpot the stress is proportional to the strain rate multiplied by a damping 
coefficient (η):

 
� �

�
�

d

dt  
(1.4)

where 
d

dt

ε
 is the rate of deformation, i.e. the time derivative of strain. Springs and 

dashpots can be combined in series or parallel to mathematically represent the behav-
ior of viscoelastic materials. A single spring and dashpot combined in series or in 
parallel are known as the Maxwell and Voight models [1], respectively. While more 
complex combinations of spring and dashpot elements better describe viscoelastic 
materials, these two simple models are useful in explaining two key features of vis-
coelastic behavior: stress relaxation and creep. In a stress relaxation test, a constant 
strain is applied, and the stress over time in the material is measured. The decrease in 
stress is reflected in the “relaxation time” which is characteristic for a material. In a 
creep test, a constant load is applied and the strain rate over time is measured.

The viscoelastic behavior of ocular tissues is relevant to ocular physiology and 
pathophysiology, as it determines their response to a dynamic environment. 
Intraocular pressure (IOP) fluctuates by 4 mmHg [19] on the order of seconds due to 
arterial pressure cycles (“the ocular pulse”). These IOP fluctuations correspond to 
0.5% macroscopic compressive strains in the optic nerve head [20], which could be 
amplified ten-fold [6] to around 5% at the cellular level. IOP is also subject to large 
diurnal variations in some individuals, which is an independent risk factor for glau-
coma [21]. Tissue viscoelasticity is of intrinsic interest, due to its potential contribu-
tions to ocular pathologies. More specifically, the viscoelastic nature of biological 
tissues must still be taken into account when attempting to describe them with elastic 
constants, or properties such as compliance; sufficiently low loading rates are required 
in order to reasonably neglect the viscous component of mechanical behavior.

 Mechanics at the Organ Level

Both compressive and tensile strains (and compressive and tensile stresses) occur in 
ocular tissues as a result of IOP. Computational modeling has indicated that neural 
tissues in the optic nerve head primarily experience compressive strains in response 
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to elevated IOP, although shear and tensile strains are also present [22]. However, 
over most of the corneoscleral shell, the IOP produces primarily tensile stresses 
within the wall of the eye (the so-called “hoop stresses”), which are carried by the 
ECM fibers of the cornea and sclera. This situation can be conceptualized as similar 
to that of a balloon; as the pressure inside the balloon is increased, the balloon itself 
is forced to stretch, accommodating the increase in pressure. Three key concepts are 
useful for quantifying and describing this mechanical behavior: compliance, ocular 
rigidity, and Laplace’s Law. We also briefly discuss computational modeling of 
stress and strain, often necessary due to the limited applicability of Laplace’s law.

 Compliance

Compliance, which describes how changes in volume and pressure are related 
within a chamber, is a concept used extensively in cardiovascular and respiratory 
physiology [4]. The relationship between volume and pressure can also be used to 
understand the response of the whole eye to changes in IOP, and reflects the com-
bined mechanical behavior of the cornea and sclera. Because it is, by definition, an 
integrated measure of mechanical behavior [4], compliance cannot reveal local 
variations in corneoscleral shell stiffness. Ocular compliance is calculated from the 
slope of the internal volume vs. intraocular pressure curve [23], giving units of vol-
ume per unit pressure, and is commonly represented by the letter ϕ:

 � P dV dP� � � /  (1.5)

Compliance should be calculated over a range of pressures, as it typically 
decreases nonlinearly with increasing pressure [24, 25] due to tissue stiffening with 
increasing deformation. Thus, in order to compare values for ocular compliance 
between individual samples, a reference pressure must be defined (i.e. a pressure at 
which to report and compare the compliance), which would typically be the normal 
IOP for the species or genetic strain of animal being evaluated, although individual 
experimental aims may imply an alternative.

Tissue viscoelasticity may contribute differently to the calculated compliance, 
depending on whether a volume injection or pressure clamped measurement 
approach is used. Volume injection approaches use a syringe pump to introduce a 
known volume of fluid into the eye and measure the subsequent changes in IOP [23, 
26], while the pressure clamped approaches make use of an adjustable pressure res-
ervoir to fix the IOP while the flow rate into the eye (and hence ocular volume) is 
measured. In the absence of aqueous humor outflow, the infusion of a bolus of fluid 
into an eye would result in an initial increase in IOP, followed by a gradual decay to 
a stable pressure between the starting IOP and the peak pressure. As outflow will 
result in a continuously decreasing IOP, it is not possible in practice to find this sta-
ble pressure following a bolus infusion, and this complexity must be accounted for 
in analysis of experimental data. The corresponding difficulty in accounting for 
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corneosclearal relaxation in measurements of ocular compliance using volume 
injection methods typically results in lower reported values for compliance as com-
pared to measurements using pressure clamped methods (personal observations).

 Friedenwald’s Equation and Ocular Rigidity

The ophthalmological community has long recognized the importance of under-
standing the mechanical behavior of ocular tissues, as reflected in the well-known 
Friedenwald’s Equation [27] which defines the concept of ocular rigidity, K.

   

dP

P
k
dV

V
KdV= =  (1.6)

In Friedenwald’s Equation, k is a dimensionless constant representing the rigid-
ity of the corneoscleral shell which can be used to relate changes in pressure (dP) 
and volume (dV) in the eye. Changes in volume are considered small relative to the 
initial volume, so V is considered to be approximately constant. As such, it can be 
incorporated with k into the ocular rigidity K, where K  =  k/V.  This calculation 
results in units for ocular rigidity of reciprocal volume, which are less intuitive than 
the ocular compliance units of volume per unit pressure. By rearranging Eq. (1.5) to 
solve for dV/dP, we can directly describe the relationship between compliance and 
ocular rigidity: ϕ = 1/KP.

 Law of Laplace

Laplace’s Law describes the tensile strain developed in the wall of a pressurized 
thin-walled sphere [1]. In order to be considered “thin-walled”, the sphere radius (r) 
should be at least 10 times the wall thickness (t) [28]. At this ratio, the thin-walled 
approximation underestimates the peak wall stress (occurring at the inner wall) by 
only 0.6%. In human eyes, r/t ranges from 8.8 to 29 [29]. Laplace’s law can be sim-
ply derived by considering half of a sphere, formed by virtually cutting through an 
internally pressurized sphere (Fig. 1.5). In order for the pressure applied to the inte-
rior surface to not move the half sphere through space, the wall tension, or stress, 
must counter the net force due to the internal pressure, ΔP. In the half sphere, all 
components of the internal pressure cancel each other, except for those in the –x 
direction. The total force in –x is the transmural pressure multiplied over the cross 
sectional area: ΔP(πr2). This is opposed by the wall stress distributed over the wall 
cross sectional area: σ(2πrt). Solving for wall stress, we find � � Pr

2t
. With known 

material properties for ocular tissues, we can thus connect IOP to tissue strains. As 
discussed in the final section of this chapter, tissue strains are detected by cells and 
can influence their phenotype.

E. M. Boazak and C. R. Ethier
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Laplace’s law can describe biomechanical behavior of the eye with an attractive 
degree of simplicity, and may be useful for estimation. However, the eye is not a 
uniform, spherical, thin-walled vessel. Laplace’s law is not able to accurately cap-
ture the effects of geometric and material variability in the corneoscleral shell, espe-
cially near the scleral canal. Accounting for geometrical and material factors 
neglected by using Laplace’s law can alter the predicted ocular wall stresses by up 
to 456% [30].

 Computational and Measurement Tools

It is possible to understand tissue mechanics by solving the equilibrium equations; 
using Newton’s law of motion, all forces acting on a body or a portion of a body 
must be in equilibrium in the absence of acceleration. These equations allow for the 
calculation of the internal stresses in a body or tissue. However, due to the complex 
geometries of the eye and constitutive laws that are typical for ocular tissues, such 
calculations are difficult in practice. When it comes to evaluating the mechanical 
behavior of the whole eye (or regions of the eye) with high spatial resolution, com-
putational approaches are thus useful.

Finite element analysis (FEA) is a particularly powerful computational approach 
[31]. In a finite element model, a complex geometry is broken down into a set of 
small elements, typically of uniform geometry. This process is called discretization 
or meshing. Each element is subsequently assigned material properties. Systems of 
equations for the stresses and strains in each element are then compiled to produce 
a system of equations for the whole structure. With the application of boundary 
conditions and loads, displacement of specific points on each element (the nodes), 
as well as stresses and strains in the elements, can be calculated. Downs, Girard, 
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Grytz, Feola, Nguyen, Sigal, and others have worked to develop models of the optic 
nerve head [32, 33]. An advantage of FEA is that once a model is developed it can 
be fairly straightforward to include patient-specific geometries. This may make it 
possible to predict, for example, the stains in the optic nerve head produced under a 
given IOP for a specific patient and to determine a target IOP to prevent glaucoma-
tous damage for an individual. However, the utility of a finite element model for 
clinical or exploratory purposes is often limited by the availability of accurate val-
ues for material properties—values that typically are determined experimentally.

Material properties for individual tissues may be measured through a variety of 
testing methods (e.g. uniaxial and biaxial tensile testing, compression, and atomic 
force microscopy). Inflation testing, however, makes it possible to study the 
mechanical behavior of regions of the eye in more physiological conformations. 
Typically the eye is partially potted (glued) in a holder, and punctured. A pressure 
reservoir can be used to inflate the eye, and tissue deformation can be tracked via 
2D projections [34] or 3-dimensional digital image correlation [35–37]. As was 
mentioned in the discussion of ocular compliance, the viscoelastic nature of ocular 
tissues will influence the strains observed and computed in response to pressure 
steps in inflation experiments, and must be taken into account in experimen-
tal design.

 Mechanotransduction: How Do Mechanical Forces Affect 
Cells and Tissues?

Mechanotransduction is the process by which cells detect mechanical stimuli in 
their environment and turn such inputs into biochemical signals. Cell-cell adhe-
sions, primary cilia, membrane channels and receptors, cytoskeleton, ECM, and cell 
nuclei are all mediators of mechanotransduction [38]. Once transduced, mechanical 
force can regulate ECM synthesis and maintenance, or initiate a pathological 
response. Physical damage is thus not required to change tissue material properties. 
For example, loading is required for the maintenance of bone and cartilage, and 
remarkably, is detected by resident cells despite them being embedded in rigid tis-
sues that undergo relatively small macroscopic deformations. Meanwhile, the pres-
sure waves of sound are detected and distinguished by hair cells in the ear. Disturbed 
flow in the vasculature, and the resultant changes in shear stress, can initiate the 
formation of atherosclerotic plaques due in part to pathological mechanotransduc-
tion by vascular endothelial cells.

In the eye, there are a variety of mechanosensitive cell types [39, 40]. High IOP 
leads to abnormal strains in the optic nerve head which may be detected by astro-
cytes, resulting in their transition to a reactive phenotype [41]. Prolonged astrocyte 
activation and the formation of a glial scar is a hallmark of glaucoma. Human scleral 
fibroblasts are also mechanosensitive and changes in gene expression regulating 
matrix components have been observed in response to tensile loading [42]. Scleral 
remodeling is a known to contribute to axial elongation in the development of myo-
pia. Trabecular meshwork cells show cytoskeletal reorganization and signaling 
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changes in response to mechanical stretch [43]. Mechanotransduction pathways are 
also suggested to be involved in the pathological wound healing response of corneal 
epithelium [44]. Increased understanding of mechanotransduction pathways may 
reveal novel therapeutic targets for a variety of ocular pathologies.
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Chapter 2
Ocular Rigidity: Clinical Approach

Konstantin Kotliar

 “One of the Most Confusing Areas in Ophthalmology”: 
An Attempt to Give a Definition

Ocular rigidity in ophthalmology is usually understood as a certain measurable 
parameter related to biomechanical properties of the entire eyeball [1]. A numerical 
parameter describing ocular rigidity is usually called as the coefficient of ocular 
rigidity. It represents a clinical measure connecting a change in intraocular pressure 
(IOP) with the corresponding change of intraocular volume. The entire concept of 
ocular rigidity adressing the question: “how soft/hard is the eyeball by touch?” 
might be even a quintessence of the concept “ocular biomechanics” for a layman 
(Fig. 2.1).

Despite the wide use of ocular rigidity concept by various researchers, it becomes 
evident that there is still no consence in understanding what exactly ocular rigidity 
is. As pointed out by White: “ …ocular rigidity is an empirical concept with no 
physical basis and one of the most confusing areas in ophthalmology” [2, 3]. When 
speaking about ocular rigidity diverse researchers have in mind different parameters 
and properties of the eyeball or its structures and tissues. Here are for instance a few 
attempts to define ocular rigidity:

• Friedenwald [4]: «the resistance which the ocular tissues exert to a general 
increase in intraocular volume.» and «…in order not to confuse this measure 
with the true coefficient of elasticity (which varies in each eye with the pressure) 
we shall call this new measure the coefficient of rigidity.»;
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• van der Werff [5]: «The ocular rigidity function relates pressure changes to vol-
ume changes within the eye and is a measure of the elasticity of the corneo- 
scleral shell.»;

• Moses [6]: «…ocular rigidity refers to the stretch behavior of the ocular coats.»;
• Strakhov [7]: «Under rigidity of the corneo-scleral shell one understands its abil-

ity to resist to external and internal stresses. The concept of elasticity of the 
sclera is directly opposite in its sense.»;

• Beaton et al. [8]: «…ocular rigidity, accounting for the combined mechanical 
properties of the retina, choroid and sclera».

Now let us get all this straightened out and try to clarify, where we are with ocu-
lar rigidity. It is believed that it is the ocular rigidity that ensures the maintenance of 
a stable shape of the eyeball to enable the functioning of its optical system (eye 
turgor). It compensates for internal pressure fluctuations (IOP, arterial and venous 
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Fig. 2.1 What mechanical factors do influence ocular rigidity? A mental experiment: rigidity of 
thin elastic spherical shell filled with a fluid: a simplified model of the eyeball. The objects in the 
left column would, ceteris paribus, seem less rigid to the touch, than the objects to the right. 
V0 = internal volume; IOP0 = internal pressure; h = thickness of the shell; E = Young’s (elastic) 
modulus of the shell
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pressures) and ensures the exchange of the aqueous humor. Moreover the concept of 
ocular rigidity represents a basis of several clinical methods including clinical 
tonometry and tonography [9], methods measuring the pulse amplitude [10, 11], 
pulsatile blood flow [12, 13], measurements of biomechanical parameters with 
Ocular Response Analyser (ORA) [14] and Dynamic Scheimpflug Analyzer (Corvis 
ST) [15].

As a whole, most researchers agree that the concept of ocular rigidity serves to 
relate biomechanical properties of the corneo-scleral shell to the IOP level and 
IOP fluctuations, and also to connect these aspects with the etiology and pathol-
ogy of certain eye disorders, e.g. glaucoma, myopia and diabetic retinopathy. 
Although it has been experimentally established that a clear negative correlation 
exists between the coefficient of ocular rigidity and the volume of the eye [16], the 
correlation between the coefficient of ocular rigidity and elastic characteristics of 
the cornea and the sclera appeared surprisingly weak and statistically insignifi-
cant, presumably due to the high measurement errors. Another quite sensible 
explanation of this fact: additionally to material properties of the corneo-scleral 
shell the ocular rigidity depends definitely on the size of the eyeball, IOP-level, 
corneal and scleral thickness [16–21], as well as on the ocular blood flow, espe-
cially on the reactivity of the eye microvasculature [17, 19], that affects intraocu-
lar volume and the IOP.

Let us clarify some of those aspects performing a mental experiment. How soft 
by touch is a thin elastic spherical shell filled with a fluid: a simplified model of the 
eyeball? It is easy to see that all the factors mentioned in Fig. 2.1 do contribute in 
the object’s response to the touch.

Despite limitations regarding the understanding and the interpretation of results 
on ocular rigidity, its measurement has remained for a long time more or less the 
only, albeit indirect, method for studying biomechanical properties of the corneo- 
scleral shell in clinical settings. Particularly because of this reason the concept of 
ocular rigidity has been widely used in studies on the pathogenesis of myopia [16, 
19, 21].

Further to the previous chapter this section aims to describe ocular rigidity from 
the clinical point of view with the intention to straighten out this concept and to 
show its various clinical applications. Being an engineer I am going to argue from 
the engineering perspective, and thus perhaps some points of the Chap. 1 will be 
reflected. I believe that this approach will contribute to mutual understanding of 
ocular rigidity by specialists from various research fields and enables them to speak 
the same language. The chapter follows my previous publications on this topic 
together with I.N.  Koshitz, E.N.  Iomdina, S.M.  Bauer [1, 22] and benefits from 
fruitful inspirations of Special Interest Groups on Ocular Rigidity at EVER 
(European Association for Vision and Eye Research) Meetings several years ago.

First of all I am going to discuss, why clinical conception of ocular rigidity is 
sometimes so confusing.

2 Ocular Rigidity: Clinical Approach
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 Why Can We Get Confused with Ocular Rigidity?

 Rigidity and Elasticity: Tell Tother from Which

One of the common profound misconceptions: rigidity is the reciprocal of mechanical 
elasticity. Applying to the ophthalmology this means: ocular rigidity, simplified to 
rigidity of the corneo-scleral shell, represents the reciprocal of elasticity of the corneo-
scleral shell, in particular, the reciprocal of elasticity of the sclera: e.g.: [23]. There is 
some apparent logic and clinical evidence in that misconception. Judge for yourself: 
both the Young’s modulus of the sclera [23], which characterizes its elasticity, and 
ocular rigidity [24, 25] increase with age; both the Young’s modulus of the sclera [21] 
and ocular rigidity [24] decrease with increasing anterio-posterior axis of the eyeball. 
Finally, both the Young’s modulus of the sclera [26] and ocular rigidity [7, 11, 27] 
increase pathologically in glaucoma. However, the misconception lies in the com-
pletely different physical meaning of the concepts of rigidity (stiffness) and elasticity.

Since we speak about mechanical interactions and biomechanics, let us take 
advantage of terminology from classical mechanics. Rigidity or stiffness of a body 
describes here the resistance of the body to elastic deformation through a force 
(remember Fig. 2.1) or a torque. Rigidity characterizes the ability of the body to 
deform (change its shape) under external load without significant change in geomet-
ric dimensions. Thus rigidity or stiffness of a body represents a structural mechani-
cal parameter depending both on its material properties and its geometry. In contrast 
elasticity reflects only material properties of a body. The complementary concept to 
rigidity (stiffness) is flexibility, not elasticity.

Imagine two different objects made from the same material, let’s say, from rub-
ber: a ring and a thick disk (Fig. 2.2). Understanding the rigidity of a body as its 
ability to resist to an external mechanical load, let’s try to compress both those 

Fig. 2.2 Under the same external load a ring and a disk of the same outer diameter made of the 
same material will be deformed in different ways. Both objects possess different rigidity (structural 
stiffness), while the material, they are made of, has the same elasticity. Rigidity is a property of an 
object; elasticity is a material property of an object. Rigidity represents a function of material 
properties and morphology of an object
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objects along their diameters and then compare the expended efforts: obviously the 
ring can be compressed more easily: rigidity (stiffness) of both objects is different, 
while elasticity of their material, the rubber, is the same.

Thus rigidity represents a so-called extensive property, a property of a body or an 
object. Its usual physical dimension in mechanics is [N/m], while the physical 
dimension of an elasticity parameter, Young’s modulus, is [N/m2]. Elasticity is a so- 
called intensive property, a material property of an object.

In the particular case of uniaxial tension (or compression) of a loose homoge-
neous elastic body, i.e. when its material properties, and not its shape or its dimen-
sions are important for assessing its resistance to an external load, the rigidity can 
be conditionally considered as a concept reciprocal of the elasticity. For the eye, as 
an object of complex shape, consisting of many structural elements, the concepts of 
rigidity and elasticity should be distinguished with care.

 Rigidity (Stiffness) of What?

Another important aspect and a source of confusion: speaking about ocular rigidity 
we need to clearly define, the rigidity of what object or structure is mentioned. 
Apparently, material properties of the sclera and the cornea forming “the exoskele-
ton” of the eyeball are constitutive here. However other intraocular structures are 
involved in the resistance of the eyeball to external mechanical load as well. 
Therefore, it is necessary to determine clearly whether the ocular rigidity investi-
gated in a study stands for rigidity of the eyeball as a whole, for stiffness of the 
corneo-scleral shell, or for stiffness of the sclera. Speaking about ocular rigidity 
different researchers aim to investigate one of those aspects. Hence the comparison 
of their results is possible only conditionally!

Aiming to assess material properties of the sclera with a clinical measurement 
and falsely neglecting other factors and ocular structures involved in the ocular 
rigidity concept some authors speak directly about scleral rigidity [28–30] instead 
of ocular rigidity. Some other authors adhere to ocular rigidity, but they equate the 
ocular rigidity measured from pressure-volume relationship and the scleral rigidity 
without mentioning any limitations. And we do have limitations here! Obviously, 
material properties of the cornea also have a significant effect on ocular rigidity. 
This fact was experimentally proved in a study by Liu and He [31] on enucleated 
animal eyes: following a rapid change of the intraocular volume, IOP changed 
more after elevation of corneal rigidity due to the cross-linking. Thus rigidity of the 
entire eyeball increased after experimental decrease of elasticity of corneal tissue. 
A sophisticated report by Hommer et al. [11] provides a correct cautious interpre-
tation of their measured parameter of ocular rigidity: “Although we believe that 
scleral structural stiffness is the principal component of ocular rigidity as it applies 
to the Friedenwald equation, … our measurements most directly relate to the com-
bined behaviors of the sclera, choroid, Bruch’s membrane, retina, and cornea, and 
cannot be attributed to any one of these structures alone”. This is true, however 
now one need to be careful with the interpretation of the results …
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 One for All and All for One?

…Then another misconception related to ocular rigidity is that one can characterize 
ocular rigidity using only one parameter (or sometimes a set of 2–3 parameters 
(Table 2.1)) and still might easily understand and interpret the results of clinical 
experiments using its value. Remember: the response of the eyeball to a load, say a 
change of its volume, depends on material and biometric properties of its structures, 
on the blood flow, on the intraocular pressure. Relating to the Chap. 1 I need to men-
tion briefly, that even speaking correctly about the elasticity and an elastic modulus 
describing elastic material properties of the corneo-scleral shell we simplify a lot. 
Underneath we need to distinguish between the cornea and the sclera and to under-
stand, that both the cornea and the sclera are orthotropic viscoelastic materials [41]. 
Moreover the cornea and the sclera possess elastic limits beyond which plastic 
deformation occurs [41]. It has been postulated that under pathological conditions 
like myopia the scleral properties change and plastic deformation is possible [42, 
43]. Describing alone the elasticity of the sclera we need to consider an orthotropic 
non-linear-elastic material with its several parameters that depend on the deforma-
tion and the location within the sclera [21, 44, 45]: one Young’s modulus, all the 
more one coefficient of ocular rigidity, is frankly speaking not enough here.

 Slow or Fast Changes?

Because of its classical definition by Friedenwald and the course of manometric 
measurements (the volume increases in small portions following by time delay to 
reach equilibrium [24]) the classic coefficient of ocular rigidity seems to represent 
rather a macroscopic parameter referring to pseudostatic pressure–volume changes. 
Pallikaris et al. [40] presume that relatively fast volume changes, for example, due 
to cardiac cycle or air puff indentation, may show a different pressure–volume rela-
tionship that would be rather related to viscoelastic properties of the corneo-scleral 
shell and needs to be characterized using a separate clinical parameter. Under simi-
lar considerations Koshitz, Svetlova et al. introduced their novel parameter “fluctua-
tion of the sclera” additionally to the coefficient of ocular rigidity and successfully 
tested both parameters clinically in normal and glaucomatous eyes [27, 46]. Thus it 
needs to be elucidated whether novel clinical methods, like those presented by [8, 
11, 47] and claiming to assess ocular rigidity based on small pressure-volume 
changes, measure rigidity parameters that can still be related to the classic coeffi-
cient of ocular rigidity by Friedenwald [4].

 Clinical Approach to Ocular Rigidity

In general, the concept of ocular rigidity can be considered from two main posi-
tions, referring to “mechanistic” (or “engineering” [3]) and “clinical” approaches.
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Table 2.1 Experimental characterization of pressure-volume relationship by several authors

Equation Ocular rigidity function Author(s) and reference
dp

dV

E

V
= � � �

�

�
�

�

�
�p E

V

V
ln 2

1

Clark, 1932 [32]

dp

dV
Kp= � �

�

�
�
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1 2

1
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Friedenwald, 1937 [4]

dp

dV
apn= � �

�� �
�� �� �V

a n
IOP IOPn n1

1 2
1

1
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Woo et al., 1972 [37]
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1
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1 3

1
1 3/ / van der Werff, 1981 [5]d

∆V = V(C + C0 ln (p) + C1p)= −49.8 + 30.2 
ln(p) + 0.242p

Silver and Geyer, 2000 
[38]e

dp

dV
= 0 0126. ∆V = 79.4 · (IOP2 − IOP1) Pallikaris et al., 2005 
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Simanovskiy, 2007 [39]
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44 6 2

1

. ln
Dastiridou et al., 2009 
[13]

Extended review following: [1, 3, 5, 40]. Note that the constants are related to particular formulas 
by their authors and do not necessarily correspond to each other in different formulas
aThe formulation given for enucleated human eyes; mean parameter values: a  =  0.096; 
n = 0.644 [5, 33]
bThe formulation given for cat eyes; mean parameter values: a = 0.589; n = 0.389; c = 10.71 [5, 34]
cUnified formulation. For human eyes in-vivo and enucleated range of parameter values: 
a = 0.015 − 0.027 μl−1; b = 0.03 − 0.31 mmHg⋅μl−1. For enucleated human eyes mean parameter 
values: a = 0.022 μl−1; b = 0.21 mmHg⋅μl−1. The formulas below by Hibbard et al. and Woo et al. 
are therefore consistent with this general form by McEwen and St. Helen [3, 5, 35]
dFor enucleated human eyes: k ≈ 0.03 mmHg1/3/μl
eNumerical coefficients for Ci are set for an “average” eye by Silver and Geyer [38]

The engineering approach describes ocular rigidity in detail using common con-
cepts from other biomedical engineering applications. Elastic material properties of 
ocular tissues are described for the instance with Young’s moduli and Poisson 
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coefficients as in mechanics and biomechanics. Herewith one would measure for 
example mechanical elasticity of the equatorial sclera in transversal direction and is 
able to compare its value with the value of a similar parameter of the arterial wall. 
Using the engineering approach we know for sure where we are. However there is a 
simple disadvantage in it: most of “engineering” parameters cannot be assessed 
directly clinically and there is almost no clinical experience on their use.

The clinical approach is based on ex-vivo or in-vivo studies of a so-called 
pressure- volume relation (ship). Typically, using a hydraulic system [24] or a con-
ventional syringe [48], intraocular pressure is increased by introducing an addi-
tional volume of fluid inside the eye. A similar but more sophisticated experimental 
ex-vivo design in biomechanics is called inflation test [45, 49]. The dependence of 
intraocular pressure vs. intraocular volume: the pressure-volume relation is calcu-
lated (Fig. 2.3). Using this dependence a so-called coefficient of ocular rigidity or 
other related parameters are computed that implicitly characterize the pressure- 
volume relation. The experimental pressure-volume relation can be approximated 
with a mathematical equation that relates IOP changes to changes in intraocular 
volume [38, 51] (Table 2.1). Apart from the coefficient of ocular rigidity pressure- 
volume relation of the eye has been used to calculate outflow facility from tonogra-
phy measurements and to assess pulsatile ocular blood flow from IOP pulsations 
[38]. Volume changes in tonography or pulsatile ocular blood flow can be computed 
from IOP changes using Friedenwald’s ocular rigidity relation or a corresponding 
nomogram.

There is a variety of analytical formulations of experimental pressure-volume 
relationship curves based on investigations with manometry, tonometry and other 
methods in living and postmortem eyes (Table 2.1). Hence there is in fact a plenty 
of definitions of ocular rigidity with their different or (even worse) similar names 
(Table 2.2). Since the formulations of pressure-volume relationship and the defini-
tions of ocular rigidity are different, they have been described using quite different 
physical parameters with their different physical dimensions (Table 2.2). The abso-
lute numbers compared within a study can still give a cue on how the values of an 
ocular rigidity parameter differ in several groups or due to an intervention. However 
a comparison of absolute numbers of different ocular rigidity parameters with their 
distinct definitions and physical dimensions does not make any sense and can con-
fuse. We may not compare apples and oranges!

The introduction is still clear. We perform a classic manometric experiment and 
record pressure-volume relationship in an eye within a certain range of values, (e.g. 
Fig. 2.3 left). We aim to describe, how the IOP changes at small increase of intra-
ocular volume V (or perhaps vice versa: how the volume change at small IOP 

increase), calculating a measure of rigidity, say: Ri = 
∆
∆
IOP

V
. We know where we 

are: the larger is Ri, the more changes the IOP at small increase of the intraocular 
volume and the more rigid is the eyeball. Such a formulation of the coefficient of 
ocular rigidity was proposed by Römer [50] based on experiments in cadaver eyes 
as a 3-D analogous of the Hook’s law. The physical dimension of Ri corresponds to 
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our aforementioned considerations on the stiffness (rigidity): [Ri] = Pa/m3. However 
it becomes clear that Ri is not constant when considering a relatively large range of 

IOP: Ri depends on the IOP level: the tangent: 
dIOP

dV
 becomes steeper at large IOP- 

values, and the relationship “pressure-volume” is non-linear (Fig. 2.3 left).
Friedenwald found empirically that exponential fit is a suitable approximation of 

ex-vivo experimental pressure-volume relations in human and animal eyes by sev-
eral researchers: Koster (1895); Ridley (1930) and Clark (1932), [32, 55, 56]. This 
observation led Friedenwald to introduction of his rigidity parameter (apparently) 
independent of the IOP. He formulated the observation into a research hypothesis: 
for an eye of a given size the proportional change in the intraocular pressure varies 
with the intraocular volume V [4]:

 

dIOP

IOP
k
dV

V
=

 
(2.1),

where V = V0 + ΔV: V0 represents the initial volume of the eye before distension 
and ΔV is an additional injected volume, which is “relatively small and finite”. 
Because ΔV is only a small fraction of V, Friedenwald did two reasonable but not 
indisputable assumptions [4]:

• V ≈ V0: the volume V is almost constant and it is roughly the same for all eyes
• Since for an individual eye V ≈ V0 then: k/V ≈ k/V0, and it can be then replaced 

in Eq. (2.1) by a new constant K = k/V0, the coefficient of ocular rigidity (some-
times they call it: E, k or OR). Thus from Eq. (2.1):

 

dIOP

dV
K IOP� �

 
(2.2)

Table 2.2 Clinical parameters of ocular rigidity according to several authors

Parameter of ocular rigidity Dimension SI dimension Author(s) and reference

Coefficient of ocular rigidity [Ri] = mmHg/μl Pa/m3 Römer, 1918 [50]
Coefficient of ocular rigidity [K] = 1/μl 1/m3 Friedenwald, 1937 [4]
Distance of elasto-elevation [Sl] = mmHg Pa Kalfa, 1927 [52]
Slope and intercept of 
pressure- volume relation

[a] = 1/μl
[b] = mmHg/μl

1/m3

Pa/m3

McEwen & St Helen, 1965 
[35]

Proportionality constant [k] = mmHg1/3/μl Pa1/3/m3 van der Werff, 1981 [5]
Small-strain modulus [Aα] = MPa Pa Greene, 1985 [53]
Coefficients of pressure-
volume relation

[C, 
C0] = dimension- less
[C1] = 1/mmHg

dimension- 
less
1/Pa

Silver and Geyer, 2000 
[38]

Coefficient of ocular rigidity [E1] = 1/μm 1/m Hommer et al., 2008 [11]
Time of applanation (ORA) [tA] = ms s Koshitz et al., 2010 [27]
Ocular rigidity parameter [ER] = 1/arbitrary 

units
dimension- 
less

Wang et al., 2013 [47]

Ocularrigidityparameter [r] = mmHg⋅Pa/μl Pa2/m3 Detorakis et al., 2015 [54]

Extended review following: [1, 22, 27]
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For a given eye of the volume V > V0 after distension:

 
K

V V
�

� � � � �
�

ln lnIOP IOP0

0  
(2.3),

where IOP0 represents the IOP-value at initial intraocular volume V0 before 
distension1:

 IOP IOP V0 0� � � (2.4)

and ln is natural logarithm. If we would logarithise the vertical (IOP) axis of the 
pressure-volume relationship (Fig. 2.3 left), the curve becomes a straight line 
with a constant slope of K (Fig.  2.3 right): the dependence: ln(IOP) vs. V 
is linear.

According to this Friedenwald’s law the slope K can be also easily calculated 
from two arbitrary measuring points:

 
K

V V
�

� � � � �
�

ln lnIOP IOP2 1

2 1  
(2.5),

where IOP1, IOP2; V1 ≥ V0, V2 > V0 are corresponding arbitrary values of the IOP 
and the intraocular volume V. Other mathematically equivalent formulations of the 
equation (Eq. 2.5):

 

K V V� �� � � �

�
�

�

�
�2 1

2

1

ln
IOP

IOP
 

(2.6)

 

K V V M� �� � � �
�

�
�

�

�
�2 1

2

1

lg
IOP

IOP
 

(2.7),

where lg represents a logarithm to the base 10 and M = 2.303 is the conversion fac-
tor [5]. By the way one should be aware, what logarithm is used in the definition of 
K, since the differential equation (Eq. 2.2) is directly integrated with ln [4, 5, 40], 

1 Friedenwald explained that: “within the pressure range that is of clinical interest the fit is suffi-
ciently good for practical purposes”. Thus the solution of Friedenwald’s equation should theoreti-
cally work for every initial condition IOP(V0) = IOP0 since the volume of the eye before distension 
V0 is consistent and the corresponding IOP is not extremely low. Obviously for hypotonic eyes that 
do not maintain its shape this simplified theoretical model does not work at all. An already pre-
distended eyeball should theoretically fit to its corresponding pressure-volume relation curve with 
the initial condition being shifted to the right along the volume curve (Fig. 2.3). But how small can 
be V0 to fit Friedenwald’s equation? At what pressure the eyeball is not hypotonic anymore but still 
is not yet distended? From biomechanical point of view “the eye just before distension” or stress 
free configuration of the eye represents an important idealized concept, which is considered in 
detail elsewhere, e.g. [57].
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while van der Werff affirmed that “K is always calculated using logarithms to the 
base 10” [5].

The pressure-volume relationship described by Friedenwald can be functionally 
formulated as (Fig. 2.3 left):

 IOP V IOP eK� � � �0
·�V

 (2.8)

Thus, if one knows K (e.g. from experimental studies), initial intraocular volume V0 
of an individual eye and the corresponding IOP0, pressure-volume relationship pre-
diction by Friedenwald for V > V0 for this eye can be easily computed.

Despite several practical and analytical advantages of Friedenwald’s formulation 
of ocular rigidity, a physical interpretation of its results becomes more complicated 
than in the Römer’s formulation: the dimension of K: [K]  =  1/m3 (Table  2.2). 
Besides by its definition K is inversely proportional to the individual intraocular 
volume V0.

According to Friedenwald, the value of K is approximately constant in the popu-
lation at IOP > 5 mmHg, and it obeys biological variability. For middle-age people 
of <50 years old whose axial refraction lies between +2 and −1, and whose mean 
corneal curvature ranges between 7.5 and 7.9  mm Friedenwald reported: 
K = 0.021 μl−1 (range: 0.006–0.037 μl−1).

Later on it was shown in several clinical experiments that K is not constant in the 
population and depends for example on the level of the IOP and individual intraocu-
lar volume [13, 19, 40, 58, 59]. Due to the mentioned disadvantages of the “classi-
cal” formulation of the coefficient of ocular rigidity K by Friedenwald, as well as 
because of particular problem statements and experimental designs several authors 
have suggested their formulae to describe pressure–volume relationship in the eye 
and to fit the experimental data (Table 2.1). The formula proposed by Friedenwald 
is still one of the most widely used. McEwen and St Helen [35] developed a more 
generalized two-parameter formula than Friedenwald’s equation to fit the experi-
mental data. Some other authors reported their own values for the constants in the 
formula by McEwen and St Helen [36, 37]. Silver and Geyer suggested an extended 
mathematical formulation for in-vivo measurements, based on an analysis of pres-
sure–volume relations available in the literature on living human eyes [38].

 How to Assess Pressure-Volume Relationship and to Measure 
Ocular Rigidity?

Referring to the next chapter a brief overview on crucial clinical measurement prin-
ciples to assess ocular rigidity will introduce some definitions.

First assessments of pressure-volume relationship were conducted ex-vivo in 
enucleated human and animal eyes, using a manometric system and injecting the 
eye with known volumes of saline via cannulation of the vitreous cavity or anterior 
chamber [4, 32, 52, 55, 56]. Later on in-vivo measurements on the eyes scheduled 
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to enucleation were carried out [60, 61]. Pallikaris, Dastiridou et al. presented a 
series of direct in-vivo manometric measurements performed before cataract sur-
gery in human eyes under retrobulbar or topical anesthesia [13, 24, 25, 62, 63]. 
Even if those in-vivo series were more than successful and significant for ophthal-
mic research and gave fresh impact for studying ocular rigidity, the invasive nature 
of the proposed in-vivo manometric technique restricted its clinical use.

Friedenwald introduced in 1937 his method of differential (paired) tonometry 
using Schiøtz tonometer. During tonometry the eyeball is deformed, and a small 
amount of intraocular fluid is shifted inside the eye. It is supposed that this shift is 
equal to the injection of the equal fluid volume inside the eye. The coefficient of 
ocular rigidity is calculated in paired tonometry from two readings with two differ-
ent weights (e.g. 5.5 g and 10 g). Two IOP measurements are performed resulting in 
IOP1 and IOP2. Nomograms relate IOP-values with the tonometer resting on the 
cornea to volumes of the indentation: V1 and V2 respectively [4]. Then the coeffi-
cient K can be calculated as a slope of the K-line between V1 and V2 using the for-
mula (Eq. 2.3; Fig. 2.3 right). In practice they use a customized nomogram similar 
to one shown in [6]: from both inputted IOP-values the coefficient of ocular rigidity 
can be read out.

Differential tonometry had several limitations related to the application of Schiøtz 
technique [64]. Corneal indentation caused presumably an increase of aqueous out-
flow and hence distorted the measurement of ocular rigidity leading to a large vari-
ability of results of differential tonometry [65]. Pallikaris et al. [40] reported that 
generally coefficients of ocular rigidity measured by paired Schiøtz tonometry were 
higher than those measured using manometric method. This confirms the observa-
tion by Nesterov et al. [19]. Alternatively to the paired tonometry by Friedenwald 
with two Schiøtz devices a combination of a Goldmann and a Schiøtz tonometer has 
been used instead in some studies inducing even larger errors [66]. A recent pilot 
study on differential tonometry combining Goldmann and contour tonometry with a 
mathematical algorithm could potentially improve the technique [54]. Together with 
differential tonometry the majority of Russian ophthalmologists have used a so-
called elastotonometry by Filatov-Kalfa [52] with Maklakoff’s tonometers. This 
sophisticated method was even a precursor of Friedenwald’s differential tonometry 
[67]. It is well elaborated, but also has several limitations and is quite difficult to 
implement: IOP is measured here twice using four different loads [19]. Several novel 
ideas on clinical non-invasive assessment of ocular rigidity picked up the basic idea 
from elastotonometry by Kalfa and differential tonometry by Friedenwald: two 
points of logarithized pressure-volume relationship (Fig. 2.3 right) are assessed in 
order to calculate K using the Friedenwald’s formula (Eq. 2.3).

Being quite meaningful and popular in 1950s–1970s the differential tonometry 
and its modifications as routine clinical measurements of ocular rigidity have almost 
disappeared in modern clinical ophthalmology. In fact, an important obstruction in 
including the ocular rigidity in the routine clinical examination has been the lack of 
a simple, accurate and non-invasive methodology for its quantitative assessment 
[54]. However a plenty of sophisticated non-invasive clinical approaches to assess 
ocular rigidity have been proposed in the last years, including:
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• ultrasound elastography [68];
• introduction of new rigidity parameters based on ORA-assessment [27, 46, 69];
• use of pharmacological intervention, measuring the IOP with dynamic contour 

tonometry and eye elongation using partial coherence laser interferometry [70];
• use of intravitreal injections and measuring of the IOP alterations under a known 

change of the volume [48, 71];
• combination of pneumotonometry to assess IOP changes and laser interferome-

try to assess volumetric alterations [11, 72];
• combination of pneumotonometry with laser Doppler flowmetry to assess cho-

roidal blood volume alterations [47];
• combination of dynamic contour tonometry to measure ocular pulse amplitude 

and OCT imaging to examine choroidal blood volume changes [8].

The advent of new technical modalities might enable accurate, reproducible and 
non-invasive assessment of ocular rigidity parameters for their successful clinical 
use [51]. Following the breakthrough of the ocular biomechanics in the last two 
decades [22, 41, 73] and a variety of recent fundamental works on ocular rigidity 
[24, 40, 51] the clinical importance of the ocular rigidity concept in the ophthalmol-
ogy seems to approach its renaissance.

 Clinical Results on Ocular Rigidity

A detailed review on ocular rigidity in ocular disorders is performed by Pallikaris 
and co-authors [40, 51]. In order to give a cue on absolute values of the coefficient 
of ocular rigidity and still not to compare apples with oranges, clinical data on ocu-
lar rigidity is reviewed below, but only values of classical Friedenwald’s coefficient 
of ocular rigidity K [μl−1] are reported. The numerical data is presented as mean 
value; mean ± std. deviation; mean (95% confidence interval) or range.

 Normal Values and Age-Related Changes

Based on his tonometry measurements on 500 living human eyes Friedenwald 
reported in detail the following [4, 67]:

• K = 0.021 ± 0.007 μl−1 in the group of 15–50 years old people,
• K = 0.024 ± 0.007 μl−1 in 50–60 years old group and
• K = 0.029 ± 0.007 μl−1 in the group older than 60 years.

Thus the coefficient of ocular rigidity increased in his studies slightly with age, 
especially in elderly people, showing the famous mean value of K = 0.021 μl−1 in 
the whole cohort. Gloster and Perkins [65] reported a mean value for K = 0.025 μl−1 
in humans, while Ytteborg measured a mean value of K = 0.0232 μl−1 [74]. Some 
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other researchers including Goldmann and Schmidt [75], Drance [30], Agrawal 
et al. [76] and Dastiridou et al. [13] reported similar ranges of the value and the 
variation of Friedenwald’s coefficient K, if being corrected to empirical information 
from clinical ocular rigidity research, which is mentioned in detail below (2.6):

• manometric measurements result in lower absolute values of the coefficient K 
than the results of differential tonometry

• in-vivo manometric examination may show lower values of K than ex-vivo 
manometric measurement

Based on literature review of different in-vivo studies using differential tonome-
try on a total of 6159 eyes Nesterov et al. reported K = 0.0216 μl−1 with variation of 
0.0110–0.0400 μl−1 [19]. A clinical study by Melnik [77] on 3386 eyes (elastoto-
nometry by Kalfa recalculated in Friedenwald’s K) reports on K = 0.0200 μl−1 with 
variation of 0.008–0.038 μl−1 [19]. Recent non-invasive study on 45 eyes by Beaton 
et al. [8] used dynamic contour tonometry and SD-OCT to assess ocular rigidity and 
reported: K = 0.028 ± 0.022 μl−1. It seems that the values of the ocular rigidity are 
quite robust, although Nesterov et al. [19] admitted that the systematic measurement 
error of K using differential tonometry depends on the IOP level, individual volume 
of the eyeball, ocular blood flow and the type of tonometer. This error ranges between 
20% and 100%! High rate of data scattering in the study by Beaton et al. [8] shows 
indirectly that modern methods to assess ocular rigidity might account to consider-
able systematic measurement errors presumably because of the similar aspects.

In their early in-vivo manometric studies in 79 eyes undergoing cataract surgery 
(age: 65.3 ± 13.9 years) under retrobulbar anesthesia the research group by Pallikaris 
reported K = 0.0126 (0.0112–0.0149) μl−1 [mean (95% CI)] [24]. The ocular rigid-
ity showed weak but significant positive correlation with age of the patients (r = 0.27, 
p = 0.02), which confirmed previous results of manometric experiments by Perkins 
[59] in cadaver eyes. Later on in a series of manometric measurements under topical 
anesthesia with a device capable of more accurate IOP recordings the group by 
Pallikaris measured in another healthy cohort of similar age: K = 0.0224 ± 0.0049 μl−1 
[13, 40] (Fig. 2.3). Other studies performed with differential tonometry [78, 79] and 
manometry in enucleated eyes [59] confirm the findings of a slight increase of ocu-
lar rigidity with age. The age-related increase of ocular rigidity is definitely intrigu-
ing as it may reflect the conception of scleral aging [46, 80–82] and underlie the 
susceptibility to age-related ocular disorders [40, 83].

 Glaucoma

The data on the ocular rigidity coefficient in glaucoma is controversial. Friedenwald 
affirmed that in acute congestive glaucoma ocular rigidity is very variable and 
shows sometimes extreme fluctuations during the course of the illness [4]. A tonom-
etry study on 738 glaucomatous eyes by Nesterov et al. [19] did not reveal signifi-
cant changes in ocular rigidity, although the data scattered a lot with standard 
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deviation being 1.5 times higher in the subgroup with compensated glaucoma and 2 
times higher in the subgroup without compensation than in healthy controls. 
Agrawal et al. reported a mean K = 0.0143 μl−1 in glaucomatous eyes in comparison 
to the control group with K = 0.0217 μl−1 [76]. K increased in this study following 
timolol 0.25% or pilocarpine 2% treatment. A recent study by Wang et  al. [47] 
assessed choroidal blood volume alterations and confirmed significantly lower val-
ues of their ocular rigidity parameter in glaucomatous eyes.

Some other recent studies were performed in glaucoma patients using modern 
measuring techniques [7, 11, 27, 70]. On the contrary to the above mentioned results 
they reported increased values of their parameters of ocular rigidity in glaucoma 
patients.

 Age-Related Macula Degeneration (AMD)

By using in-vivo manometric measurements Pallikaris et al. [25] examined patients 
with AMD. Although they did not find differences in ocular rigidity in the AMD 
group in comparison to the control group, the average values of the coefficient of 
ocular rigidity were higher in patients with neovascular AMD treated with photody-
namic therapy (K  =  0.0186  ±  0.0078  μl−1) than in control subjects 
(K = 0.0125 ± 0.0048 μl−1) and in non-treated patients with non-neovascular AMD 
(K = 0.0104 ± 0.0053 μl−1), p < 0.05. The authors assumed that either photody-
namic therapy was able to influence ocular rigidity through its effect on choroidal 
circulation or different forms of AMD were associated with the increase of ocular 
rigidity.

 Non-proliferative Diabetic Retinopathy

Since diabetes mellitus is known to affect biomechanical properties of living tissues 
[84], Panagiotoglou et  al. [85] hypothesized that ocular rigidity measured with 
manometry technique is changed in diabetes patients with mild stages of diabetic 
retinopathy. However no statistically significant differences in ocular rigidity could 
be documented between patients with non-proliferative diabetic retinopathy: 
K = 0.0205 μl−1 and controls: K = 0.0202 μl−1 (p = 0.942). A clear trend for lower 
values of ocular rigidity coefficient was shown in patients with mild retinopathy 
compared to patients with moderate and severe diabetic retinopathy, although the 
difference was not statistically significant. Arora and Prasad measured ocular rigid-
ity in diabetic patients using modified Friedenwald’s nomogram [86]. They also did 
not find any statistically significant differences in the coefficient of ocular rigidity 
between patients with non-proliferative diabetic retinopathy and age-matched con-
trol subjects.
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 Uveitis

Friedenwald found ocular rigidity being significantly increased in uveitis patients 
irrespective of the IOP level. The average ocular rigidity from 38 measurements 
amounted to K = 0.034 μl−1. Since “with the engorgement of the intraocular blood 
vessels, one would expect an increased compressibility of the vascular tunic and 
hence a decreased rigidity coefficient” Friedenwald was unable to interpret this 
controversial result [4]. Taniashina et al. reported no significant changes of the 
coefficient K in uveitis as well as in retinal detachment and in arterial hyperten-
sion [87].

 Corneal Refractive Surgery

Since this type of surgery influences both the structure and the thickness of the cor-
nea one would expect alterations of ocular rigidity after the operation. Possible 
changes of the ocular rigidity coefficient after photorefractive keratectomy (PRK) 
were assessed in-vivo in rabbits using manometric method [88]. No statistically 
significant difference was found in the measured ocular rigidity coefficient between 
eyes treated with PRK and control eyes.

In contrast laser in situ keratomileusis (LASIK) in living human eyes has been 
associated with a significant decrease of the coefficient of ocular rigidity measured 
using differential tonometry with Goldmann and Schiøtz tonometers [89], presum-
ably due to postoperative alterations in the corneal structure and thickness. Before 
LASIK K  =  0.0195  ±  0.0065  μl−1. It decreased postoperatively to 
K = 0.0140 ± 0.0055 μl−1 after 30 days and amounted to K = 0.0120 ± 0.004 μl−1 
after 90 days and to K = 0.0140 ± 0.0065 μl−1 after 720 days (p < 0.05 post- vs. pre- 
operative) [89]. Apparently the effect of corneal thinning on ocular rigidity is proven 
in the study. However another possible explanation of the effect relates to the known 
systematic error of indentation tonometry after keratorefractive surgery.

Because of obvious limitations ocular rigidity is difficult to assess using mano-
metric procedure or applying differential tonometry after corneal surgery. The use 
of novel non-invasive methods to monitor ocular rigidity in postoperative period 
might be promising [51].

 Factors Affecting Ocular Rigidity

In the following a close structured look is taken at main factors affecting ocular 
rigidity and its parameters.
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 Intraocular Pressure

According to its correct definition ocular rigidity strongly depends on the IOP 
(Fig. 2.3 left). With all other factors being equal the rigidity in eyes with higher IOP 
is higher (Fig. 2.1). Indeed the coefficient of ocular rigidity Ri by Römer, mentioned 
above, depends on the IOP. However due to introduction of the logarithmic trend 
and the definition of his coefficient of ocular rigidity Friedenwald expected to 
“remove” completely the dependence of K on the IOP [4] as it can be seen in the 
theoretical representation of experimental data in Fig. 2.3 right. He assumed his K 
being independent on the IOP. Some authors also did not find any dependence of K 
on the IOP and herewith confirmed the hypothesis by Friedenwald [90, 91].

However some other researchers have criticized the mentioned assumption by 
Friedenwald. Dashevsky first reported about inversely proportional relation between 
IOP and K [92]. K is not truly constant, but decreases as the intraocular pressure 
increases [5]. Later on this relation was confirmed in other experimental studies [33, 
59, 93, 94]. Perkins reported the decrease in K of approximately 25% for an increase 
in the IOP of 10 mmHg over the range of 10–30 mmHg in the majority of his mano-
metric experiments on cadaver eyes, while in two eyes there was no significant 
change in K at different pressure levels and in one eye K even increased by 26% 
[59]. Kiselev and Taniashina [95] found a weak dependence of K on the IOP using 
differential tonometry. In their study K = 0.0184–0.0186 μl−1 at IOP = 9–22 mmHg; 
K = 0.0180–0.0184 μl−1 at IOP = 22–40 mmHg and K = 0.0175–0.0180 μl−1 at 
IOP = 40–70 mmHg. The dependence of Friedenwald’s ocular rigidity coefficient K 
on the IOP was corrected in the later formulations of ocular rigidity parameters by 
other authors, e.g. [5, 33, 34] (Table 2.1).

 Intraocular Volume and Axial Length

According to its correct definition ocular rigidity should strongly depend on the 
intraocular volume (Fig. 2.3 left). With all other factors being equal the rigidity of 
larger eyes is lower (Fig. 2.1). Already in 1932, Clark mentioned the importance of 
the eye volume factor: “the value for dV/dp would differ from animal to animal 
owing to differences in eye volume even if the elasticity were the same” [32]. 
Friedenwald reported in 1937 a strong inverse proportionality of K on the intraocu-
lar volume V as well [4]. However, as mentioned above, he considered that in 
humans intraindividual variations in volume are neglectable. Hence the constant K 
in Friedenwald’s formula (Eqs. 2.2–2.3) includes the total intraocular volume being 
assumed to be the same for all eyes. Perkins studied the relation of ocular rigidity to 
intraocular volume in cadaver eyes and suggested that if ocular rigidity were cor-
rected for the volume of the individual eye, then the correlation with intraocular 
volume disappeared [59]. Hence he concluded that the lower ocular rigidity of myo-
pic eyes was rather due to their greater volume than due to a presumably abnormal 

K. Kotliar



33

distensibility of the sclera. Thus a more fundamental constant k = K⋅V0, a coeffi-
cient of ocular rigidity incorporating intraocular volume, even enables to compare 
eyes of differing volume using this adjusted Friedenwald’s formulation [4, 38, 59]. 
His pressure-volume relation for V = V0 + ΔV (Eq. 2.8) can be then re- formulated as:

 IOP V IOP ek V0� � � �0
· /�V

 (2.9),

where k is dimensionless.
Under a rational assumption that the volume of the eye may be estimated from 

“its axial refraction without regard to the variations in corneal and lenticular refrac-
tion or to the deviations of the actual shape of the eye from that of a sphere” 
Friedenwald found a good agreement between the observed and calculated values 
for all states of refraction except that of extreme myopic eyes over 20 dpt. Those 
eyes were much less distensible than their large volume would predict. Friedenwald 
assume for a good reason that “these eyes have been stretched to their elastic limit 
or at least that their coats are no longer capable of yielding easily to increments of 
pressure” [4]. Consistent with this finding Goldmann [96] reported on a higher 
scleral rigidity in one −25 D eye than in another of only −20 D. This abrupt increase 
of scleral distensibility in high myopia needs to be elucidated in thorough future 
studies. Phillips and Quick [97] gave at least two quite reasonable alternative expla-
nations of the mentioned effect: the sclera of largest eyes may have received support 
from the bony orbit. Besides more myopic eyes with higher rigidity might have 
shorter axial lengths and smaller volume than less myopic ones.

Phillips and Quick [97] examined physical models of the eye: thin-walled spheri-
cal rubber balls filled with water. Throughout the stress range of the examination the 
sclera and the rubber chosen behaved elastically and possessed almost equal values 
of Young’s moduli. Even small volume changes of the balls influenced the value of 
their rigidity. This aspect could explain high values of the coefficient of ocular rigid-
ity in newborns, despite presumably higher elasticity of their corneo-scleral 
shells [98].

 Ocular Blood Flow and Blood Pressure: We Are Dealing 
with a Living Object

In clinical applications ocular rigidity will be useful especially if this parameter 
could be assessed in-vivo. However a variety of results obtained in ex-vivo experi-
ments cannot be directly used to approximate in-vivo ocular rigidity. According to 
Nesterov et al. this aspect relates mainly to the active and passive reaction of intra-
ocular vessels in living eyes [19]. Some fluid is passively squeezed from the venous 
system as IOP increases. Arterial vessels react actively, changing their caliber due 
to mechanisms of IOP-regulation [99].

A comparison of experimental in-vivo and ex-vivo measurements of ocular 
rigidity reveals significant differences: at the same level of the IOP ocular rigidity 
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measured in-vivo is lower than the rigidity measured in enucleated eyes [40, 60]. 
Summarizing experimental data available to that time Silver and Geyer [38] con-
clude also on larger volume increment for a given increment of pressure in pressure- 
volume relations of living human eyes in comparison to measurements in cadaver 
eyes, particularly in comparison to Friedenwald’s data with his logarithmic approxi-
mation based on ex-vivo measurements [4]. In rabbits, when the IOP exceeded the 
blood pressure (and the blood flow was interrupted therewith) the coefficient of 
ocular rigidity approached closely the value found in the dead eye at similar pres-
sures [60]. In animal experiments with blockage of the carotid artery, ocular rigidity 
increased as the blood supply to the eyeball was reduced [98, 100]. These results 
indicate that ocular blood flow along with other factors can affect ocular rigidity.

Kiel studied in rabbits, whether an alteration of blood pressure would influence 
ocular rigidity [101]. Systemic blood pressure in these experiments changed the 
blood filling and choroidal blood flow, affecting therewith ocular rigidity. The initial 
part of the pressure-volume curve depended on the rate of choroidal autoregulation 
[102], which in turn depended on the blood pressure. At high IOP-level and low 
perfusion pressures (right-hand part of the pressure-volume curve), the blood out-
flow from the eye represented main source of discrepancies between the curves in 
living and in enucleated eyes [40]. Indeed, because of the complete absence of 
blood filling in enucleated eye, the dependence of ocular rigidity curve on blood 
pressure should disappear. Thus ocular rigidity depends on the level of arterial 
blood pressure and blood filling of intraocular vessels, primarily of choroidal ves-
sels. Although, in the experimental study by Dastiridou et al. [13], the coefficient of 
ocular rigidity measured in-vivo in healthy people did not significantly correlate 
with the level of blood pressure within the normal blood pressure range, we believe 
that this result can be easily explained by a narrow range of values of arterial pres-
sure in healthy participants of that study.

 Subtile Question About Thickness

As it can be deduced from the definition of rigidity (Fig. 2.1), the thickness of the 
cornea and the sclera is an important factor affecting ocular rigidity. Nevertheless, 
as noted in the review by Pallikaris et al. [40], a few studies on this issue did not find 
any significant dependence of ocular rigidity on either central corneal thickness [24] 
or thickness of the sclera [59]. The question about the effect of corneal thinning 
after refractive surgery on ocular rigidity remains open as mentioned above [89].

From the biomechanical point of view, the thickness of the cornea and the sclera 
will inevitably affect ocular rigidity. Most probably the influence of this factor is 
small in comparison to other factors: IOP, volume, material properties, ocular blood 
flow. Anyways the general problem of ocular rigidity associated with pressure- 
volume relationship still awaits a serious parametric engineering analysis on how 
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(to what extent) various factors influence ocular rigidity, similar to an analytical 
study by Sigal et al. [103] on factors influencing optic nerve head biomechanics.

 Measurement Error

To complete the picture it should be mentioned here again that systematic errors 
related to measurement techniques have been playing an important role in clinical 
assessment of ocular rigidity [8, 19, 89]. In clinical studies implying quantitative 
assessment of ocular rigidity they should take in account that systematic error of the 
corresponding measurement method at least does not prevail over the net effect one 
expects to reveal.

 Material Properties of the Corneo-Scleral Shell

They represent actually the key issue of ocular rigidity measurement. However the 
previous analysis of all other factors influencing ocular rigidity does not allow to 
assess this aspect directly in clinical application using a reasonable quantitative 
parameter. We know that ocular rigidity depends on material properties of the 
corneo- scleral shell (Fig.  2.1) and that equation (Eq.  2.3) is consistent with the 
mechanical properties of collagen, which is “responsible” for the elastic moduli of 
the sclera and the cornea [5, 35, 41]. However what does remain as a “retort resi-
due” after strong assumptions for the ocular rigidity parameter and after accounting 
its value to all other influencing factors? And how can one distinguish material 
properties of the sclera from those of the cornea and of other ocular coats within 
only one parameter K? An extended engineering approach together with novel 
sophisticated clinical and experimental studies focused on material properties of the 
corneo-scleral shell, like the mentioned study by Liu and He [31], would probably 
elucidate these questions in the future.

It seems so far that the influence of inter- and intraindividual alterations of mate-
rial properties of the corneo-scleral shell on the value of coefficient of ocular rigid-
ity by Friedenwald in the normal population and even in ocular pathology is small 
in comparison to the influence of other factors like measurement error or changes of 
the intraocular volume and the IOP [59, 104]. Supposing age-related stiffening of 
the corneo-scleral envelope being mostly responsible for age-related alterations of 
the value of K one can indirectly and roughly estimate its relative influence from 
Friedenwald’s data mentioned above [4]: K ranged in his whole cohort: 
0.006–0.037 μl−1, while the difference between mean K-values in his oldest and his 
youngest subgroups amounted to only 0.008 μl−1.
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 Concluding Remarks

 Advantages/Disadvantages of the Clinical Approach

The main advantage of the clinical approach to ocular rigidity is the possibility of 
direct clinical measurement of ocular rigidity and the conceptual correctness of 
the approach in terms of the definition: the mechanical reaction of the entire eye-
ball to the external forces is measured. The simplification of a unified clinical 
parameter reflecting the stiffness of the whole eyeball and, with a lot of limita-
tions, the elasticity of the corneo-scleral shell, seems to be an advantage for clini-
cians. The coefficient of ocular rigidity by Friedenwald with its pros and cons has 
been widely accepted in the clinical ophthalmology for ages. Similar to the dif-
ferential tonometry Goldmann applanation tonometry is known to have several 
limitations in clinical applications, and it still represents the gold standard for 
IOP-measurements.

One of the drawbacks of the clinical approach is the impossibility of an explicit 
separation of material properties of the corneo-scleral shell and morphological fac-
tors. Thus, the findings of studies based on clinical measurements of ocular rigidity 
lose their applied significance: the conclusions are quite limited and rise more ques-
tions. For example, as noted above, some researchers report a decrease of ocular 
rigidity in myopia [21]. But what does this mean? Are material properties of the 
cornea or the sclera or rather their thickness changed? Is this simply a reflection of 
eye elongation and hence the increased intraocular volume in myopic eyes? Is the 
IOP decreased? Is the blood circulation impaired? Most likely we are dealing with 
a combination of these factors, which is difficult to interpret using only one 
parameter.

Experimental pressure-volume relationship and similar in-vivo assessments of 
mechanical response of the eye globe to alterations in IOP and volume might con-
tain a lot of additional information on viscoelastic behaviour of the corneo-scleral 
shell. A clinical approach would definitely benefit from analytical research on clini-
cal parameters related to material properties of the cornea and the sclera. For exam-
ple some clinical parameters measured with ORA, like corneal hysteresis and 
corneal resistance factor do contain not only information on the corneal biome-
chanic response but generally speaking reflect ocular rigidity with all its aspects 
mentioned above [27, 69]. However the relation of these parameters to the classic 
parameters of ocular rigidity has not yet been elucidated [40].

With clinical formulation of ocular rigidity a unified scientific approach to the 
description of physical characteristics of an object is missing. Hence the relation to 
similar concepts from biomedical engineering, medicine, and physics is difficult. 
Any comparison of results of different studies with different formulations of ocular 
rigidity is almost impossible.

Several biometric parameters of the eyeball can be accurately measured with 
modern diagnostic devices. For example, the corneal thickness is determined 
using pachymetry, the thickness of the sclera can be assessed using ultrasound or 
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OCT. The length of the anterior-posterior axis can be measured with laser biom-
etry. At the same time, there is a lack of reliable clinical methods, allowing for a 
direct assessment of material properties of the corneo-scleral shell, especially 
those of the sclera. Further development of such clinical methods would be very 
crucial, as they could substantially advance both researchers and clinicians in 
solving several ophthalmological problems associated with eye biomechanics 
[21, 105, 106]. Clinical assessment of the coefficient of ocular rigidity using 
tonometry or direct manometry is not the best method to obtain this information. 
A promising alternative way has been recently shown by Detorakis et al. [68]: 
modern shear-wave ultrasound elastography was able to detect selectively in-vivo 
rigidity changes in several structures of the anterior segment in the rabbit eye 
model and might be potentially applied in human eyes, providing useful clinical 
information.

 Synergy with the Engineering Approach

Referring to the Chap. 1 I agree with a fundamental idea by White [2] and Kalenak 
[107], that future experimental and analytical projects on ocular rigidity and 
pressure- volume relationship “should be conducted using fundamental engineering 
terms to bring both rigor and clarity to the subject.” The obvious value of engineer-
ing analysis is that it can explicitly separate material properties of ocular structures 
and morphologic factors contributing to pressure-volume relationship. It brings 
advantages of common ground with concepts used in other biomedical engineering 
applications and is therefore essential for the research. However as predicted by 
Purslow and Karwatowki [3] the engineering approach will bring clarity but not 
necessarily simplicity “as far as for many practicians may be concerned”.

The most promising solution in the future is the attempt to combine both 
approaches introducing a unified definition of ocular rigidity, which could be appli-
cable both in clinical practice and in experimental studies. We do not have another 
sensible way since the clinical approach to ocular rigidity seems neither simple nor 
rigorous or consistent and even leads sometimes to contradictive results that one can 
usually explain from engineering point of view. First attempts to link both approaches, 
taking advantage of each, have been already done. Purslow and Karwatowki [3] 
developed a simplified mathematical model of the pressure-volume relationship 
with the aim to separate elastic material properties of the corneo-scleral shell from 
biometric parameters of the eye. They derived a formula for the pressure- volume 
relation depending on the Young’s modulus of the uniform isotropic corneo- scleral 
material instead of the coefficient of rigidity. Similar to this synergetic approach one 
can develop a more sophisticated biomechanical model of the eye based on experi-
mental data on morphology and material properties of ocular tissues and verify this 
model in a clinical experiment. This combined approach would enable an explicit 
definition of ocular rigidity as a biomechanical response of the eyeball via 
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biomechanical parameters of ocular tissues, particularly those of the sclera and the 
cornea. Recent studies have shown promising outlook of such an approach [48, 
71, 108].

 Definition

At conclusion the following unified definition of ocular rigidity is proposed. Ocular 
rigidity is a concept, which implies the resistance of the whole eyeball to a deforma-
tion due to external or internal forces. It is dependent on biomechanical material 
properties and on the morphology of eye structures (the sclera, the cornea, the cho-
roid, the retina, the Bruch’s membrane, etc.) as well as on the intraocular volume 
and the intraocular pressure, the blood pressure and ocular blood flow. Other related 
concepts should be defined separately and should be accurately distinguished from 
the concept of ocular rigidity: e.g. the rigidity of the corneo-scleral shell, the elastic-
ity of the sclera and of the cornea.

 Take Home Messages

• Ocular rigidity is a widely used concept in ophthalmology. It implies a combined 
measure of material and morphological properties of the eyeball. The concept is 
involved in the pathogenesis of various eye disorders, including glaucoma and 
myopia. It represents a basis for tonometry, tonography and pulsatile ocular blood 
flow measurements. In clinical applications ocular rigidity is described by several 
parameters and is interpreted differently. Technical difficulties in obtaining accu-
rate in-vivo measurements of ocular rigidity have limited its clinical importance.

• When discussing clinical findings and comparing the data of various studies it is 
crucial to have clue on what is really meant under ocular rigidity: the rigidity or 
material parameters of the corneo-scleral shell or the elasticity of the sclera; 
material properties and/or the morphology of the tissues; properties in-vivo or 
ex-vivo, etc.

• Ocular rigidity gives an indirect insight into the material properties of the corneo- 
scleral shell. The estimation of these parameters using available clinical mea-
sures of ocular rigidity is inaccurate and sometimes erroneous.

• Most common clinical measure of ocular rigidity, the coefficient of ocular rigid-
ity by Friedenwald is based on a logarithmic pressure–volume relation. It is 
assumed to be independent of IOP and it possesses relatively low variability in 
healthy population.

• The pressure–volume relation differs in living and enucleated eyes. This indi-
cates that blood flow and tissue necrosis affect ocular rigidity. For clinical appli-
cations in-vivo ocular rigidity parameters need to be used. The results of ex-vivo 
experiments should be adjusted.
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• Ocular rigidity is reported to be altered in glaucoma, myopia, presbyopia and 
age-related macular degeneration as well as after refractive corneal surgery.

• Combination of clinical and engineering approaches to ocular rigidity seems to 
be promising for the development of reliable non-invasive in-vivo clinical 
 methods assessing material properties of ocular tissues, particularly those of the 
cornea and the sclera.

• Future analysis of pressure-volume relationship in the eye should be done in 
fundamental biomechanical terms in order to bring rigor and clarity to the sub-
ject; to separate structural material properties from morphologic contributions; 
to have common ground with concepts and parameters used in other biomedical 
engineering applications.
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Chapter 3
Methods of Measuring Ocular Rigidity 
in the Human Eye

Anna I. Dastiridou and Ioannis Pallikaris

 Introduction

Ocular rigidity refers to the relationship between volume and pressure changes 
inside the eye. It is an empiric measure, used to characterize the distensibility or 
elasticity of the eye [1]. While it is relatively easy to characterize the biomechanical 
properties of a tissue ex vivo, this is becoming increasingly difficult when trying to 
characterize its behavior in vivo (see Sects. “Introduction” and “Differential Schiotz 
Tonometry”). It is therefore understood that traditional objective methods do not 
apply to the living human eye. Therefore, the data available to date come from three 
different types of studies; those performed in eyes after enucleation, those using 
manometry and are mainly performed in the operating theatre and finally those that 
use surrogate measures of rigidity or adopt certain assumptions in order to employ 
non invasive means of pressure or volume displacement (see Sect. “Manometric 
Measurement of Ocular Rigidity”). The existing body of knowledge on manometric 
measurements of ocular rigidity stems from experiments carried out in animals [2–
6]and measurements ex vivo, and less often in vivo [7–16]. It is clear that there is at 
the moment no method of ocular rigidity measurement that is at the same time uni-
versally approved, accurate, reproducible and non invasive. Our knowledge on ocu-
lar rigidity in the living human eye is mainly based on invasive manometric 
measurements or measurements performed with paired Schiotz tonometry.
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 Differential Schiotz Tonometry

Friedenwald introduced the term ocular rigidity in 1937 [1]. He had a great interest 
in tonometry and at that time, calibration tables and research around precision in the 
then-available tonometers was gaining scientific attention. Friedenwald performed 
extensive studies to improve the accuracy of indentation tonometry. The initial cali-
bration tables were later updated with his new experiments [17, 18]. Friedenwald 
used paired readings obtained with two different weights, usually the 5.5 and 10 g, 
and his nomogram to measure both IOP and ocular rigidity. The basic instrument to 
measure IOP then was the Schiotz tonometer, which is based on the principle of 
indentation tonometry and there was a great clinical need for precision. Since the 
indentation of the cornea has to be translated to an IOP reading, there is a require-
ment of an accurate nomogram. Friedenwald’s studies provided the experimental 
data to construct a nomogram for use in Schiotz tonometer ocular rigidity (and IOP) 
measurements (see Sect. “Differential Schiotz Tonometry”) [1, 17, 18]. Knowledge 
of the ocular rigidity was important in indentation tonometry since the error could 
be great if this would not be taken into account in an eye that was not close to an 
average reading [19, 20].

In clinical practice, the process of differential tonometry is probably the one 
most commonly used to quantify ocular rigidity. However, errors may occur, mainly 
because of the use of weights that alter the blood volume in the eye, and also because 
of the use of calibration tables [21, 22].

 Manometric Measurement of Ocular Rigidity

In the first half of the twentieth century, experiments carried out in animal eyes sug-
gested that the pressure volume relationship is not uniform across the range of intra-
ocular pressure (IOP) [2, 3]. Interestingly, the eye is more rigid in higher IOP and 
becomes more elastic in low IOP. Following studies in humans further characterized 
the relationship in the human eye [7–9]. The initial human data available were 
mainly available from measurements performed post mortem or in eyes with mela-
noma that were scheduled for enucleation [7–9, 23]. Following studies carried out 
in otherwise normal, cataract eyes undergoing cataract surgery.

The measurement setup in these studies usually involves controlling the IOP by 
adjusting the height of the infusion bottle or controlled inflation of the eye with 
known volumes and recording of the pressure, after cannulating the eye in the ante-
rior chamber, the posterior chamber or the vitreous cavity [24–26].

In order to measure ocular rigidity a measurement device was set and standard-
ized at the University of Crete, Greece [10, 11]. This device consists of a pressure 
transducer, a volumetric dosing pump and a series of inextensible tubes, controlled 
by custom made software (see Figs. 3.1 and 3.2).
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Fig. 3.1 Schematic representation of the measurement device

Fig. 3.2 View of the device set up ready for measurement in the operating theatre
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The pressure sensor has a sensitivity threshold of 0.05 mmHg and the microdo-
simetric pump allows for delivery of microvolumes of saline with an accuracy of 
0.08 μl per step. Custom software was designed to control the measurement process. 
Before each measurement, in the operating theatre, in a sterile fashion, the system 
of microtubes is connected as shown in Fig. 3.1. This is fashioned in order to con-
nect the measurement device with the eye. The tubing system is filled with saline 
solution during preparation, and is tested extensively since the presence of air may 
lead to artifacts [27].

This measurement procedure can be performed under local anesthesia with 
drops and most measurements in our studies were performed in the operating the-
ater, just before cataract surgery [10, 11]. Before entering the anterior chamber, the 
tip of the needle is being held at the height of the eye in order to calibrate the pres-
sure sensor. The surgeon uses the tip of the 20 gauge blade to create an opening in 
the cornea with the tip of the knife passing through Descemet’s membrane. 
Through this opening, a 21 gauge butterflie needle, which is connected to the tub-
ing system, is inserted and held in place throughout the procedure. After cannula-
tion of the anterior chamber, the initial IOP is recorded. With appropriate 
withdrawal of aqueous (or even delivery of saline solution if the IOP is very low) 
the IOP is set at the level of 10 mmHg and the controlled balanced salt solution 
injection in 4 μl steps begins. After each infusion step the sensor waits for 1 s for 
the system to reach equilibrium and the sensor acquires 2 s continuous pressure 
recordings with a sampling rate of 200 Hz (see Fig. 3.3). This time interval was 
selected in order to have the opportunity to record at least 2 full cardiac circles, 
and therefore two ocular pulses. When IOP reaches the cut off point of 40 mmHg, 
the infusion stops and the pressure sensor is set to simply record the spontaneous 
IOP.  This can help quantify both OR in the individual eye and outflow facility 
[28, 29].

Fig. 3.3 Sample recordings of the spontaneous pressure in the eye after each infusion step
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 Other Approaches to Measure Ocular Rigidity

Apart from differential tonometry and manometry, other methods have also been 
employed as surrogate measures of ocular rigidity [30–34]. These are being dis-
cussed in the following chapter. Finally, a very promising, recently reported new 
optical method of measuring ocular rigidity using OCT technology has recently 
been validated against manometry [35].
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Chapter 4
Surrogate Non-invasive Methods of Ocular 
Rigidity Measurement

Efstathios T. Detorakis

 Introduction

The accurate and reproducible measurement of ocular rigidity has been an elusive 
target for several scientific endeavors so far [1]. By definition, tissue rigidity refers 
to the relation between a force acting on a tissue and the induced deformation [1, 2]. 
This “stress versus strain” ratio (Young modulus) [3] is particularly applicable for 
linear structures defined as the ratio of the compressive stress to the longitudinal 
strain. Reported Young’s modulus values for corneal tissue ranged between 72.4 and 
102.4 kPa and 38.3–58.9 kPa for central and peripheral specimens, reflecting the 
complexity of ex-vivo corneal bio-mechanical behavior, which also includes a 
visco-elastic or anisotropic element, implying that that the rate at which a load is 
applied changes the measured value for cornea’s Young’s modulus [4].

However, in the case of concave spheroidal structures filled with incompressible 
contents (fluid), such as the eyeball, rigidity is best expressed as the mathematical 
relationship between the structure volume and the pressure inside it [2]. In this case, 
from a mechanistic point of view, rigidity reflects the elastic properties of the struc-
ture walls, namely in the case of the eyeball the anterior wall (cornea) and the pos-
terior wall (sclera) [5]. However, the biomechanical behavior of the living eye is 
affected by more intrinsic factors, such as the blood circulation and the condition of 
the vascular element (mainly the choroid) [2, 5]. Moreover, the eyeball is not a 
homogeneous spheroidal structure but rather a compartmentalized one, with an 
anterior segment filled with aqueous humor (which is completely incompressible) 
and a posterior segment filled with hyaloid, which may display more complex bio-
mechanical behavior, including visco-elasticity or poro-elasticity (i.e. elasticity 
which displays spatial variation) [2, 6]. Therefore, rigidity may have different val-
ues for different areas of the eyeball (Fig. 4.1) and it would be more appropriate to 
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speak of corneal rigidity (referring exclusively to the cornea), scleral rigidity and 
total ocular rigidity (the last term describing the elastic behavior of the living eye-
ball in toto) [2, 7].

The involvement of ocular rigidity in serious ophthalmic morbidities such as 
glaucoma [8] and age-related macular degeneration [9] has been reported by several 
studies so far. Moreover, rigidity may be involved in important biological functions 
and changes, such as the accommodation ocular ageing and presbyopia [2, 10, 11]. 
However, despite its undeniable clinical significance, rigidity has not been equally 
accepted by clinicians as a parameter affecting decision making in the every-day 
practice [2, 12]. The main reason for this disparity is the fact that rigidity is difficult 
to measure with accurate, reproducible and, more importantly, non-invasive meth-
ods [2, 12] (Fig. 4.2). Historically, the first method of quantitative assessment of 
ocular rigidity has been the differential tonometry, described by Jonas Friedenwald 
in the early twentieth century [13, 14]. Several researchers have attempted to mea-
sure ocular rigidity ever since, with methodologies which were in most cases repre-
sent variations of differential tonometry (Fig. 4.3) [8, 15–17]. In this chapter, we are 
going to present some recently described alternative methods of ocular rigidity 
assessment which may be particularly useful from a practical point of view.

 Historical Perspective

The need to assess differences in ocular rigidity between individuals originated 
from clinical observations on the accuracy of tonometry. Indeed, an early clinical 
observation was that intraocular pressure (IOP) measurements differed when taken 
with different tonometers, such as the Schiötz, Souter, McLean and Gradle tonom-
eters from the same eyes [14, 18]. This intriguing finding led Jonas Friedenwald to 
suggest that such disparities may be explained by differences in bio-mechanical 
behavior in human eyes [13, 14]. He proposed that the calibration of tonometers was 
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based on average values of ocular wall rigidity but individual eyes may deviate sig-
nificantly from these mean values [13, 14]. Friedenwald then introduced the concept 
of “ocular rigidity coefficient” (r) as a metric of ocular rigidity and proposed a clas-
sic methodology (differential tonometry) based on paired measurements of IOP 
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with 2 different weights in Schiötz indentation tonometry (or alternatively, Schiötz 
indentation and Goldmann applanation tonometry) to measure r [13, 14]. According 
to classic Friedenwald teaching, the volume change of the eye associated with the 
change of the IOP from IOP0 to IOP1 is directly proportional to the common loga-
rithm of the ratio of IOP0 and IOP1 (Log[P1/P0]/DV) and r represents the proportion-
ality constant in this equation. Moreover, although Friedenwald calculated a mean 
value for r of 0.0215 mmHg/mL for human eyes he also reported a wide variation in 
the value of r between individual eyes and developed a nomogram for the custom-
ized measurement of r [13, 14]. However, his calculations were based on observa-
tion on enucleated human eyes and this has lead to severe criticism for his method 
since rigidity in enucleated eyes differs significantly from that in living eyes due to 
several post-mortem changes [2, 16]. Such changes include, apart from the lack of 
blood circulation and vascular collapse, structural alterations in the ocular walls and 
changes in the tone of the muscular apparatus surrounding the eyeball [2, 16]. In 
fact, it has been reported that ocular rigidity may display characteristic variations 
after death, including a reduction during the first 4 h post-mortem and increase 14 h 
post-mortem [2]. Therefore, the quest for the accurate measurement of ocular rigid-
ity in living eyes remained and several researchers, including Goldmann and 
Schmidt [15], Drance [8], Agrawal et al. [17] and Pallikaris et al. [16] attempted to 
revisit this important issue by measuring ocular rigidity in living eyes with similar 
methodologies. The Central Corneal Thickness (CCT) has also been used as a sur-
rogate measurement of corneal biomechanics [19, 20], although it soon became 
evident that CCT does not completely describe corneal rigidity since it is affected 
by corneal hydration status, whereas corneal rigidity is also affected by qualitative 
differences of collagen fibers apart from the sheer thickness of tissue. More recently, 
the problem of ocular rigidity measurement has been addressed by interesting alter-
native methods, taking advantage of technological advances in ophthalmic 
examinations.

 Axial Length (AL)-Associated OR Measurement

Previous studies have stressed the close association between axial length (AL) of 
the eyeball and ocular rigidity [21]. The fact that a quick reduction in IOP is fol-
lowed by a reduction in AL lead Ebneter et al. [22] to propose an interesting, non- 
invasive method of ocular rigidity measurement. This method takes advantage of 
the sharp reduction of IOP induced by the oral administration of 500 mg of acet-
azolamide. AL and IOP are measured before acetazolamide administration as well 
as 2 h post-acetazolamide administration. AL is measured with partial coherence 
laser interferometry, a non-touch method, avoiding any mechanical stress which 
could cause anterio-posterior deformation of the eyeball. IOP is measured by non- 
applanation tonometry, which also reduces the possibility of corneal deformation 
and the resulting AL decrease per mmHg of IOP reduction has been used as an 
estimate of OR. Theoretically, the lack of mechanical forces acting on the eyeball 
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during measurements (apart from the non-applanation tonometry) strengthens the 
validity of the method. On the other hand, some pharmacological actions of acet-
azolamide, such as effects of acetazolamide on the choroidal and retinal circula-
tions, through vasodilator action, possibly mediated by induced extracellular 
acidosis or through an increased ocular perfusion pressure, raise concerns on poten-
tial induced rigidity changes during measurements.

 Measurement of Pulse Amplitude and Fundus Pulse

The Ocular Pulse Amplitude (OPA) corresponds to the IOP changes during the car-
diac circle (cardiac systole and diastole), presuming that the venous outflow from 
the eye is non-pulsatile [23, 24]. A single-mode diode laser (783 nm) has been used 
to measure the distance between the surfaces of cornea and retina by employing 
interference fringes of re-emitted waves from these surfaces. A variation of the 
interference order [DN(t)] during the cardiac cycle can then be evaluated by count-
ing the fringes between inward and outward move during the cardiac circle and the 
fundus pulse amplitude is defined as changes in the optical distance [DL(t)], corre-
sponding to the cornea–retina distance changes, calculated as:

 D t D tL N� � � � �. /� 2 

The highest scores of IOP during systole and diastole (IOP1 and IOP2, respec-
tively) are also calculated and a metric (E1) of the mechanical properties of the 
eyeball, based on the Friedenwald’s equation is calculated as:

 E1 IOP logIOP Fundus Pulse Amplitude� � �log _ /1 2  

Interestingly, the calculated factor E1 was significantly higher in the patients 
with primary open angle glaucoma and findings support the concept that the biome-
chanical properties of ocular tissues play a role in the glaucomatous pathogenetic 
process [24].

 Elastography

Pathological tissues often differ from normal tissues in terms of elasticity. This find-
ing was incorporated in traditional medical thinking very early and lead to the inclu-
sion of tissue palpation in the process of physical examination. However, the 
subjective nature of palpation lead to the development of more objective and repro-
ducible methods for the evaluation of living tissue elasticity, such as elastography, 
which was aimed at replacing tactile feedback with imaging techniques [25–27]. In 
the case of ultrasound elastography, tissue elasticity is examined by 2 different 
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methodologies, i.e. strain elastography and shear-wave elastography. In the former 
[28], changes in ultrasound reflectivity inflicted by the mechanical pressure exerted 
on the tissues by the footprint of the ultrasound probe are translated in elastographic 
readings. In the latter, shear-waves are evaluated [29, 30]. These are low frequency 
waves propagated in the tissues at a direction vertical to the direction of propagation 
of ultrasound waves. The production and propagation of shear waves are closely 
associated with tissue elasticity. Strain elastography is basically a qualitative tech-
nique limited to superficial tissue evaluation due to the inability to compress deeper 
tissues [31]. On the contrary, shear wave elastography may be applied in the assess-
ment of deeper tissues and produce quantitative measurements of tissue elasticity 
(usually expressed in KPa) [30]. Apart from ultrasonic waves, the generation of 
shear waves within the tissues can also be performed by tissue vibration (usually in 
the range of 50–500 Hz) and changes in tissue behavior may be examined by MRI 
imaging (MRI elastography) [32]. Another option is the assessment of shear waves 
generated within the tissues by normal functions such as the respiratory movements, 
heart beat or blood circulation. This passive examination of such tissue “noise” and 
its association with tissue elasticity may also be performed by other modalities such 
as Optical Coherence Tomography (OCT) [33]. The latter may be particularly appli-
cable in ophthalmic elastographic imaging and may be a promising new modality to 
assess elasticity in living ocular tissues in the near future.

However, both forms of classic ultrasound elastography (strain and shear-wave) 
have also been applied for the evaluation of ocular rigidity [30, 31]. Previous studies 
in both human and animal living eyes have shown that ocular elastographic imaging 
is feasible and may produce clinically useful findings for the evaluation of various 
pathologies, such as ocular tumors, intraocular hemorrhages and detachments and 
well as periocular conditions, such as Graves’ orbitopathy [30, 31]. Color or grey- 
scale maps of the eyeball and surrounding structures may be produced displaying 
differences in the elastographic signals for different areas of the eyeball and in the 
case of shear-wave ophthalmic elastography such maps may be combined with 
quantitative measurements of tissue rigidity indices [30, 31].

 Evaluation of Corneal Hysteresis

Hysteresis is a metric of system behavior in response to the exertion of deforming 
forces [34]. Upon the action of such a force, a system may reach a point of maxi-
mum departure from its original status and then, depending on its rigidity-elasticity 
features (essentially the system “memory”) it may return to its original status [34]. 
Therefore, hysteresis may be considered as the dependence of the state of a system 
on its history. In the case of cornea, hysteresis has been examined as a metric of the 
“memory” of living cornea following the exertion of deforming forces [35]. The 
Ocular Response Analyzer (ORA) has been designed as a system to measure cor-
neal hysteresis in living human eyes, introduced in 2004 by Reichert Ophthalmic 
Instruments, Inc. (Depew, NY, USA) [35, 36]. ORA is capable of providing 
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information on a variety of parameters associated with corneal biomechanical 
behavior, including the IOP, CCT, corneal hysteresis (CH) and corneal resistance 
factor (CRF) [35, 36]. It incorporates an eye-tracking sensor capable of mediating 
alignment of the eye with the system and directs a stream of air towards to central 
cornea. This deforms (applanates) central cornea while an infrared light detector 
captures light from the corneal surface. The inward movement of the corneal sur-
face reaches of point of applanation (recorded as P1 on the ORA signal plot) and 
then the cornea indents and retracts to a second applanation event (recorded as P2 
on the ORA signal plot). The ORA provides 2 distinct measurements of IOP: The 
IOPG, which is closely related to Goldmann applanation tonometry and corresponds 
to the IOP value at the first applanation point in the ORA waveform (P1). And the 
IOPCC, an estimate of IOP corrected for the biomechanical properties of the cornea. 
CH is also recorded as the difference in IOP between the 2 applanation events and 
is a metric of corneal viscous damping (the ability of corneal tissue to absorb and 
dissipate energy), calculated as the difference in pressure between the two corneal 
applanation events (P1–P2). CRF is also calculated from these two pressure values 
according to a complex algorithm and represents a metric estimate of the viscoelas-
tic behavior of corneal tissue.

Although CH may be indeed be linked to corneal biomechanics its true meaning 
and nature may be more complex and intriguing [35]. CH has been shown to 
decrease during aging, when the cornea is known to stiffen, as well as to decrease 
after the cornea has been stiffened by cross-linking techniques [35].

Such findings may sound contradictory but may comply with models of differen-
tial participation of viscous and elastic elements in corneal bio-mechanics and cer-
tainly reflect the complexity of biomechanics in living tissues.

 Applanation and Non-applanation Differential Tonometry

The idea of taking advantage of the differential tonometry process as a way to mea-
sure ocular rigidity (using 2 different weights in Schiötz tonometry or Schiötz and 
Goldman tonometry, according to standard Friedenwald methodology), has led to 
the suggestion that the same methodology may be applied by taking advantage of 
ΔIOP, i.e. of the difference between standard Goldmann applanation tonometry and 
non-applanation tonometry (“Pascal” tonometry) [37]. According to this sugges-
tion, the applanation of the corneal apex in standard Goldmann tonometry changes 
the volume of the anterior segment of the eyeball whereas tonometry using the non- 
applanation tonometer does not induce geometric alterations in the corneal apex 
(since the tonometer head conforms to the anterior corneal surface) and thus does 
not induce significant volume changes in the anterior ocular segment [12] (Fig. 4.4). 
The proposed methodology can arrive to a rigidity coefficient (r) by measuring 
volume changes induced during applanation tonometry (ΔV) and associating them 
with IOP differences between the 2 tonometric methodologies (applanation and 
non-applanation) in a process similar to the standard Friedenwald methodology.
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The suggested technique uses by convention the IOP readings of non- applanation 
tonometry as a measure of “true” IOP, but converts IOP readings of applanation 
tonometry according to the Orsengo-Pye algorithm, since accurate applanation 
tonometry readings are obtained when corneal geometry conforms to the so called 
“calibrated” cornea [38]. According to the previously published model of Orssengo-
Pye [38], GAT IOP readings equal true IOP when corneal parameters are in agree-
ment with the geometrical characteristics of the so-called “calibrated cornea”, such 
as CCT of 520 μm and mean external radius of curvature of 7.8 mm. In the proposed 
methodology, deviations of GAT IOP from true IOP in eyes with corneas different 
from the “calibration cornea” were corrected by applying the Orssengo-Pye algo-

rithm [17]: IOPP = 
IOP

C B
G

/
, with the error coefficient “C/B”, in which B corresponds 

to the IOPG of the calibrated cornea and C corresponds to the IOP of the measured 
cornea [17]. B and C were calculated with the following formulas:
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In these equations, R corresponds to the anterior corneal curvature, t corresponds 
to CCT, ν is the corneal Poisson’s index (0.49) and A corresponds to the area of 
applanation of the anterior corneal surface by applanation tonometry. A rigidity 
coefficient (r) may be calculated in this technique as:

 r IOPpascal IOPGoldmann C B E� � ���� �� �– / / ,�V  

where E corresponds to the mean corneal Young’s modulus.
The validity of this methodology has been tested in a group of cataract surgery 

candidates, not suffering from glaucoma or previous ophthalmic pathologies 
(including trauma, surgery or inflammation) which could potentially affects rigidity. 
Interestingly, the r measured (0.0174 ± 0.010 [0.0123 − 0.022] mmHg/μL) is very 
close to the previously reported measurements by other methodologies in living 
human eyes [12].
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 Concluding Remarks

Ocular rigidity remains an important parameter in modern clinical thinking for oph-
thalmologists, with potential involvement in many serious pathologies, such as 
glaucoma, age related macular degeneration or age-related refractive changes. The 
lack of an accurate and consistent methodology to measure ocular rigidity has been 
the main drawback for its widespread use in the every-day clinical practice. 
Measuring ocular rigidity by invasive methodologies is impractical and restricts its 
use mainly for experimental purposes. However, many interesting alternative meth-
ods for non-invasive ocular rigidity measurement in human living eyes have emerged 
during the previous years, providing promising options for both clinical applica-
tions and basic research in visual sciences.
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Chapter 5
Clinical Assessment of Corneal 
Biomechanics

Cynthia J. Roberts

 Introduction

Interest in corneal biomechanics has continually increased since the ability to mea-
sure biomechanical deformation response with a clinical instrument became possi-
ble in 2005 with the introduction of the Ocular Response Analyzer (ORA), 
manufactured by Reichert Technologies, Depew, NY in the United States [1]. 
Several years later, the Corneal Visualization Scheimpflug Technology (Corvis ST) 
was introduced, manufactured by Oculus Optikgeräte GmbH in Wetzlar, Germany 
[2]. Historically, corneal biomechanical properties have been assessed via uniaxial 
strip testing which required destructive loading [3–6]. A clinical device, on the other 
hand, requires a nondestructive load to assess corneal biomechanics. Both the ORA 
and the Corvis ST meet this challenge by using an air puff to deform the cornea in 
order to evaluate biomechanical deformation response. This does not allow mea-
surement of classic biomechanical properties such as elastic modulus. However, it 
does allow quantitative analysis of deformation response and interpretation of the 
biomechanical parameters produced which can be correlated to viscoelasticity, 
change in viscoelasticity, stiffness, or change in stiffness. Although the two devices 
have an air puff load in common, there are important distinctions between them that 
affect interpretation of the parameters that each device reports. Therefore, the two 
systems will be discussed in detail, followed by a comparison between them.
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The classic biomechancial properties to which the biomechanical deformation 
parameters can be compared include elasticity, viscosity, and viscoleasticity. 
Elasticity is defined as the ability of a material to return to its original state after 
deformation, once the load has been removed. There is no time-dependent compo-
nent. The tensile elastic modulus quantifies the relationship between stress (applied 
force as a function of crossectional area) and strain (elongation as a percentage) [7]. 
The higher the elastic modulus, the greater is the resistance to deformation, and the 
greater is the stiffness. The elastic properties are measured during loading, and for 
an elastic material there is no difference between loading and unloading paths. 
Viscosity is defined as the resistance to permanent deformation and has a time- 
dependent component. As an example, honey has greater viscosity than water since 
honey has greater resistance to permanent deformation. Viscoelasticity defines a 
material that exhibits both elastic and viscous behaviors. There is a time-dependent 
component to the response and there is a difference between the loading and unload-
ing paths in terms of response. This difference is called hysteresis. For a viscoelastic 
material like the cornea, there is a difference in response between loading with an 
air puff and unloading where the air pressure is reduced, and it can be quantified in 
multiple ways. Therefore, there must be an assessment during both loading and 
unloading with a comparison of the two at the same defined state or quantification 
of the area between the two pathways.

Only the two devices mentioned are currently commercially available, both 
based on response to an air puff as the nondestructive loading of the cornea. 
However, the responses elicited are quite distinct, since not only do the loads have 
different temporal profiles, but the techniques used to assess corneal biomechanical 
response are also distinct. Therefore, the reported parameters from the two devices 
should be considered complementary, rather than competitive. Details of the simi-
larities and differences will be highlighted.

 The Ocular Response Analyzer

The air pressure puff of the Ocular Response Analyzer (ORA), which is Gaussian 
in both spatial and temporal profiles [8], is customized to each patient such that a 
greater magnitude maximum air pressure is delivered to an eye with a higher 
intraocular pressure (IOP). This is accomplished by the device sensing the first 
applanation event (A1) and shutting down the signal sent to the piston in the 
nozzle. Inertia in the piston allows the air pressure to continue to rise after the 
shutdown pressure is reached. Therefore, the increasing air pressure profile prior 
to A1 is identical for all measurements, but the post-A1 rising pressure to maxi-
mum and subsequent decreasing pressure profile are distinct depending on the 
timing of A1. One consequence of this design is that each measurement will reach 
a different maximum magnitude of air pressure [9]. The factors that influence the 
timing of A1 are primarily the intraocular pressure and secondarily the stiffness 
of the cornea.
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Corneal displacement is detected by an indirect assessment technique. The 
geometry of the system includes an infrared (IR) emitter that is aligned with an IR 
detector such that when the cornea flattens at A1, a mirror-like reflection maximizes 
the number of photons striking the detector. This generates a spike on the infrared 
signal, as illustrated in Fig. 5.1. The peak magnitude (Peak 1) of the IR signal at A1 
is dependent on the number of photons striking the detector [10]. As the cornea 
passes through A1 at first applanation pressure (P1), it becomes concave in shape 
and fewer photons are aligned with the detector, reducing the IR signal. Subsequently, 
the cornea begins to recover, traversing the applanated state in the outward direction 
(A2) at the second applanation pressure, P2, generating a second peak in the IR 
signal. The difference between the applanation pressures at A1 and A2 is defined as 
corneal hysteresis (CH), and represents the viscoelastic lag in the system. In a valid 
measurement, P2 is always less than P1. The average of the applanation pressures is 
defined as Goldmann-correlated IOP (IOPg). Additional investigations were done 
by the manufacturer to empirically develop both Corneal Resistance Factor (CRF) 
and Corneal Compensated IOP (IOPcc). CRF is designed to correlate strongly with 
central corneal thickness (CCT), and IOPcc is designed to compensate for the 

Time Course of Dynamic Bidirectional Application

Peak1 Peak2

PMax

FWHM1 FWHM2

IR Signal

Air-Pulse
Pressure

Slope1 Slope2

P1

P2

0 5 10 15 20 25 30
Time1 Time2Time (ms)

Fig. 5.1 Schematic of the signals produced by the cornea deforming under an ORA air pulse, with 
the infrared signal in red and the pressure signal in blue. The states of deformation are illustrated 
above the signals, and include pre-deformation, first applanation, concavity, second applanation, 
and the recovered cornea. The signals are labeled with the first and second applanation pressures 
(P1 and P2), the first and second applanation times (Time1 and Time2), the first and second appla-
nation full width half maximum values (FWHM1 and FWHM2) and the maximum pressure, Pmax 
(Reprinted from Ref. 9)
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differences in biomechanics and CCT after refractive surgery in estimation of IOP 
[8]. The consequence of this approach is that IOPcc is more accurate than Goldmann 
Applanation Tonometry (GAT) in estimating IOP in corneas with reduced stiffness, 
such as after refractive surgery or with keratoconus [1, 11].

What is corneal hysteresis biomechanically? It is a comparison of the load at the 
two applanated states of the cornea, one during loading and one during unloading, 
and represents the viscoelastic nature of the cornea. There are other ways to evaluate 
hysteresis, which include plotting the loading and unloading pathways, shown in 
Fig. 5.2, as well as a similar concept in Hysteresis Loop Area, which actually quan-
tifies the area circumscribed by the difference in loading vs unloading pathways 
[12]. Both CH and CRF are viscoelastic parameters, since both are functions of the 
loading (P1) and unloading pressures (P2). Unfortunately, CH is often misinter-
preted in the literature as stiffness, a purely elastic parameter, which it is NOT [9]. 
A cornea with low CH can be a soft cornea, as in keratoconus, or it can be a stiff 
cornea, as in an aging eye or an eye with high IOP. The value depends on the associ-
ated viscosity, since CH is a function of both elasticity and viscosity. Different com-
binations of elasticity and viscosity can produce the same CH value [13]. It is 
necessary to examine the IR and pressure signals in detail to gain additional biome-
chanical information for complete interpretation of the corneal elastic response. The 
widths of the applanation peaks are associated with the velocity of the cornea. The 
faster the motion, the narrower are the peaks. The magnitudes of the applanation 
peaks (Peak 1 and Peak 2) are associated with corneal stiffness. The greater the 
magnitudes, the greater the applanated area with more photons striking the detector, 
and the stiffer is the cornea. This was demonstrated in small study comparing the 
size of the applanated area in four normal subjects and three subjects previously 
diagnosed with keratoconus [10]. Two high speed cameras were aligned with the 
ORA, providing a temporal view and an inferior view, as shown in Fig. 5.3. Typical 
ORA signals from a keratoconic cornea and a normal cornea are shown in Fig. 5.4. 
The IR signal amplitude peaks were extracted, and CH and CRF were recorded for 
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each group, the means of which are shown in Table 5.1. Two diameters of applana-
tion were extracted from the two camera views of each subject, and group means are 
shown in Table  5.2. The correlations of Peak 1 and Peak 2 amplitudes with the 
applanation diameters in each group are shown in Table 5.3. These data show not 
only that the Peak amplitudes are significantly lower in keratoconus than normal 
subjects, but also strong correlations of both Peak 1 and Peak 2 with the diameters 
extracted from the inferior view in both normal and keratoconic subjects. The infe-
rior view camera is aligned with the horizontal meridian of the cornea, which is the 
same meridian measured by the ORA. The correlations are less strong in the tempo-
ral view camera which measures the vertical meridian, and is not the same as 

Inferior Camera

Air Nozzle

Temporal Camera

Mirror

Air Pulse
Air Pulse

Inferior Camera View Temporal Camera View

Fig. 5.3 Experimental set up of ORA with two high speed cameras aligned for a temporal view 
and an inferior view used to measure the deformation width (Reprinted from Ref. 10)

5 Clinical Assessment of Corneal Biomechanics



66

measured by the ORA. The conclusion is that normal subjects have a larger appla-
nation diameter which aligns a larger number of photons with the detector, generat-
ing greater applanation Peak amplitudes in the IR signal. The stiffer corneas in the 
normal subjects are more resistant to deformation, producing a wider, shallower 
deformation. The softer keratoconic corneas are less resistant to deformation, and 
produce a narrower, deeper deformation. The differences are profound enough to 
reach significance, even with the small number of subjects. Interestingly, neither 
CH nor CRF are significantly different between normal and keratoconic subjects in 

Fig. 5.4 Infrared (red) and pressure (green) signals from ORA exams of a keratoconic patient 
(left) and a normal patient (right). Note that Peak 1 and Peak 2 are quite damped in the keratoconic 
eye (Reprinted from Ref. 10)

Table 5.1 Ocular response analyzer metrics

Normal (n = 4) vs. Keratoconic (n = 3) Corneas
Parameter Avg. normal Avg. Keratoconic P value

Infrared signal peak 1 748 ± 139 352 ± 122 0.001
Infrared signal peak 2 638 ± 150 344 ± 185 0.017
Corneal resistance factor (mmHg) 9.25 ± 0.93 7.34 ± 2.30 0.066
Corneal hysteresis (mmHg) 9.26 ± 0.68 8.55 ± 1.91 0.230

Table 5.2 Inferior and temporal camera view applanation diameter measurements

Normal (n = 4) vs. Keratoconic (n = 3) Corneas
Parameter Avg. normal Avg. Keratoconic P value

Diameter from inferior camera (mm) 4.87 ± 0.23 4.36 ± 0.44 0.029
Diameter from temporal camera (mm) 4.81 ± 0.33 4.43 ± 0.22 0.046

Table 5.3 Correlations 
between IR signal peak 
heights and deformation 
diameters

Normal Keratoconic

Diameter inferior and peak 1 0.92 0.88
Diameter inferior and peak 2 0.72 0.92
Diameter temporal and peak 1 −0.09 0.64
Diameter temporal and peak 2 −0.35 0.70
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this small study. This is very likely due to the low number of subjects and the low 
sensitivity of CH alone, without the signal parameters, to differentiate normal sub-
jects from those with keratoconus, which is consistent with the literature [1].

There is a great body of literature on custom analysis of the IR and pressure 
signals of the ORA to evaluate disease processes and response to procedures such 
as refractive surgery and corneal crosslinking [14]. The first such paper was a case 
report of a patient who had refractive surgery and developed ectasia in only one eye. 
The magnitude of Peak 1 in the IR signal was greater in the eye without complica-
tions after refractive surgery than the lower Peak 1 in the fellow eye that developed 
ectasia, despite no difference in CH. This case can be interpreted that the cornea 
with the uncomplicated post-operative course is stiffer than the cornea that devel-
oped ectasia [15]. The Peak amplitude was also compared between post-op and 
pre-op myopic LASIK (n = 14) and myopic LASEK (n = 15), which is a form of 
surface ablation. There was a significantly greater reduction in the amplitude of 
Peak 1 post-operatively in the LASIK group than the LASEK group. This can be 
interpreted that LASIK with a flap causes a greater biomechanical impact than 
LASEK, which is consistent with the literature.

Interpreting the biomechanical data after corneal collagen crosslinking (CXL) 
requires evaluation of the IR signal data to be definitive, since it has been reported by 
multiple authors that there is no difference in CH after the procedure, but there are 
significant differences in various features of the IR and pressure signals [16–18]. 
CXL affects not only the stiffness of the cornea, but also the viscosity, such that 
changes in elasticity are masked by changes in viscosity. In a study of 26 eyes of 26 
subjects who received CXL using the Dresden protocol, compared to 16 untreated 
fellow eyes of the same subjects, the changes in ORA parameters 6 months after the 
procedure are given in Table 5.4 and show that both P1 and P2 increase significantly 
after CXL, resulting in no difference in CH [19]. To link biomechanical changes to 
curvature changes, the Cone Location and Magnitude Index (CLMI) was calculated 
on pre and 6 months post-CXL tomographic maps [20]. Part of this calculation is to 
locate the 2 mm diameter circular region of the greatest curvature, called Cspot in the 
current analysis. There were significant negative correlations between ∆Cspot and 
∆IOPcc (p = 0.0020 in treated group, not significant in control) and between ∆Cspot 
and ∆P2 (p = 0.0036 in treated group, not significant in control). However, ∆Cspot 
was not significantly related to ∆P1 in either group. This can be interpreted that an 
increase in the unloading parameter, P2, is significantly correlated with reduction in 
curvature in the treated group, but not the loading parameter, P1. Therefore, the 

Table 5.4 Pre-CXL to 6 months Post-CXL ocular response analyzer parameters

Treated eyes (n = 26) vs. Fellow control eyes (n = 16)
Parameter Treatment eyes Fellow control eyes P value

∆ IOPg (mmHg) +1.2 ± 2.2 −1.1 ± 1.4 0.0004
∆ IOPcc (mmHg) +1.4 ± 3.5 −1.3 ± 1.9 0.0020
∆ P1 (mmHg) +7.5 ± 17.3 −5.8 ± 15.3 0.0155
∆P2 (mmHg) +10.8 ± 20.7 −8.3 ± 10.9 0.0003
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significant increase in both IOPcc, and IOPg do NOT indicate an actual increase in 
IOP, but rather an increase in stiffness since both P1 and P2 also increased.

Correlation of the viscoelastic CH parameter with evidence of glaucomatous 
damage was first reported in 2006, where a low CH value was associated progressive 
field worsening [21]. This launched many studies of the value of CH in managing 
glaucoma. More recently, a prospective longitudinal study showed that CH was sig-
nificantly associated with glaucomatous progression, with lower CH associated with 
a faster rate of visual field loss [22]. Evidence suggests that there may be a benefit in 
using CH to manage glaucoma, and highlights the value of a viscoelastic parameter.

 The Corvis ST

The Corvis ST produces a consistent air puff for every exam, independent of the 
corneal properties or the IOP of the individual eye under examination [23]. 
Therefore, every cornea reaches its limit of displacement prior to the time point 
where the air puff reaches its peak magnitude. At the point where the limit of cor-
neal displacement is achieved, but with the air pressure continuing to increase, 
backward motion of the whole eye becomes rapid and nonlinear in nature. Once the 
air pressure peaks and begins to decrease, the cornea begins to recover. However, 
the whole eye is still moving backwards. In other words, the cornea is moving in the 
forward direction while the globe is moving backwards. Once the cornea recovers 
its pre- deformation shape, the whole eye begins to move forward in recovery 
towards its original position. This process is illustrated in Fig. 5.5 which also shows 
the phases of deformation, plus the ingoing and outgoing applanation points. These 
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Fig. 5.5 Schematic of the nine phases of corneal deformation response to a Corvis ST air puff, 
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include the Pre-Deformation Phase, the Ingoing Convex Phase, First Applanation, 
followed by the Ingoing Concave Phase, which transitions into the Oscillation 
Phase at the point where maximum corneal displacement occurs. The Oscillation 
Phase transitions to the Outgoing Concave Phase at the point where the maximum 
air pressure occurs and the cornea begins to recover. Maximum whole eye motion 
occurs near the second applanation time point, which defines the transition to the 
Outgoing Convex Phase. Once the cornea is fully recovered, the final phase involves 
recovery of the whole eye to its pre-deformation state [23].

Corneal displacement is detected via direct assessment of motion using an ultra 
high-speed camera that acquires images at about 4330 frames per second for a total 
of 140 images over a 32 ms time frame. Selected images in various states of defor-
mation from a single exam are shown in Fig. 5.6. A single horizontal meridian is 
imaged with Scheimpflug geometry to maximize depth of focus during the exam. 
The field of view is about 8 mm in width and 2 mm of depth into the eye, so that the 

Fig. 5.6 Selected frames 
from a series of 140 
images of the cornea 
deforming under a Corvis 
ST air puff. The top image 
is pre-deformation, the 
second and third images 
show the cornea deforming 
inward, the fourth and fifth 
images show the cornea 
recovering outward, and 
the bottom image shows 
the recovered cornea 
(Reprinted from Ref. 9)
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entire thickness of the cornea can be captured in various states of deformation, as 
long as the apex of the cornea is aligned 11 mm form the nozzle, which places it in 
the center of the imaging window. Corneal apex displacement includes both corneal 
and whole eye motion. The Corvis ST differentiates between the two by defining 
corneal motion after subtraction of whole eye motion as corneal deflection. 
Therefore, “deflection” parameters refer to corneal motion only, and “deformation” 
parameters refer to the combination of both corneal and whole eye motion. Whole 
eye motion can be determined from peripheral corneal motion, outside of the region 
which becomes concave, as illustrated in Fig. 5.7. Many dynamic corneal response 

a

b

c

Fig. 5.7 Superimposed frames extracted from a single exam, showing (a) blue cornea in the pre- 
deformation state, red cornea in maximum cornea deflection, and a white cornea with maximum 
whole eye motion. Note the temporal progression of the corneal periphery at the edges of the 
image; (b) Maximum cornea deflection relative to the undeformed arc length; and (c) all three 
corneas superimposed with whole eye motion subtracted (Reprinted from Ref. 23)
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parameters (DCRs) are reported which describe the biomechanical deformation 
response. These include velocity parameters, timing parameters, amplitude of dis-
placement in both deformation and deflection parameters, as well as parameters 
defining the shape of the deformed cornea. Specific time points include the first and 
second applanation events, as well as highest concavity (HC) which is the point of 
maximum corneal apex displacement. A stiffness parameter at first applanation (SP- 
A1) was developed that was defined as the load at applanation, divided by corneal 
displacement [23]. The load was calculated as the air pressure at applanation, 
adjusted for time of applanation and position within the imaging window, minus the 
biomechanically corrected IOP (bIOP). The displacement was calculated between 
the undeformed state and A1. This is more complex than the other DCR’s in that the 
air pressure and bIOP are taken into account in the calculation.

The major factors which influence corneal deformation include IOP, corneal 
properties, and scleral properties. The DCRs which are sensitive to corneal biome-
chanical properties and relatively independent of IOP have been reported to be the 
shape parameters [24]. These include the radius of curvature at highest concavity 
(RadHC), the integrated inverse radius (IR) which is the area under the curve of 
concave curvature between the two applanation points, and the two ratios of defor-
mation amplitude and deflection amplitude in the center and average deformation at 
a defined distance from the center (DA Ratio and DefA Ratio, respectively). Other 
DCRs are strongly influenced by IOP, and this should be taken into account during 
interpretation of individual exams. A keratoconic eye with higher IOP may exhibit 
stiffer behavior than a normal eye at lower IOP. Therefore, it is important to use 
parameters less affected by IOP in individual patient assessment, or use the 
Vinciguerra Display for parameters in which the individual exam values are brack-
eted with normative values, as shown in Fig. 5.8 [24]. It has also been shown that 
stiffer boundary conditions (sclera) will limit corneal deformation [25].

Fig. 5.8 Inverse concave radius from two exams. The top exam is from a normal subject, and the 
bottom exam is from a subject with keratoconus. The mean (solid line) and ±2 standard deviations 
lines (dotted) are shown in each side figure for bIOP (left) and CCT (right), along with an indica-
tion in red of the measured values from the specific patients. The normal patient (top) is within the 
normal population distribution, but the keratoconic subject (bottom) is outside of the normal range 
(Adapted from Ref. 24)
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How can these parameters be interpreted relative to corneal stiffness? The only 
one that is intuitive is SP-A1, where higher values indicate greater stiffness and 
lower values indicate lower stiffness. For the rest, stiffness should be considered as 
resistance to deformation. Greater resistance to deformation is associated with 
greater stiffness. For the DCRs related to shape, greater DA Ratios and greater 
DefA Ratios indicate lower resistance to deformation and lower stiffness. Inverse 
radius of concave curvature is equivalent to curvature. Greater curvature (greater 
IR) is associated with less resistance to deformation and less stiffness. The opposite 
is true for radius of curvature, where a shorter radius of curvature means greater 
curvature. Therefore, a lower radius of concave curvature is associated with lower 
stiffness. The same logic can be applied to the remaining DCRs that are related to IOP.

Keratoconus is known to be a local biomechanical decompensation of the cor-
nea, [26] and the detection of the disease is important in screening for “at risk” 
corneas prior to refractive surgery [27]. The Corvis Biomechanical Index (CBI) was 
developed as a combination index of specific DCRs and the stiffness parameter, 
SP-A1 [28]. This index was based on analysis of 658 patients (478 healthy and 180 
diagnosed with keratoconus) from two different countries with one serving as the 
development database and one as the validation database. The final set of parame-
ters that produced the best performance of CBI in separation of the two groups 
included DA Ratio at 1 mm, DA Ratio at 2 mm, velocity at A1, standard deviation 
of deformation amplitude at HC, Ambrósio’s Relational Thickness to the horizontal 
profile (ARTh), and SP-A1. The receiver operator characteristic curve (ROC) analy-
sis showed an area under the curve of 0.983. It was later reported that using an 
artificial intelligence approach called the Random Forest method produced a 
Tomographic and Biomechanical Index (TBI) that showed improved performance 
when compared to a tomographic combined index alone or the CBI alone [29]. It 
should be noted that the input to the random forest was basic biomechanical param-
eters and basic tomographic parameters, not combined indices like CBI. It is also 
important to remember that both CBI and TBI are designed for detecting keratoco-
nus, not for monitoring progression or response to treatment.

Biomechanical changes were reported in the shape-related DCRs and SP-A1 
after both transepithelial PRK (tPRK) and femtosecond LASIK (FS-LASIK), all 
consistent with softening. This included a significant decrease in SP-A1 and a sig-
nificant increase in both DA Ratio 2 mm and Integrated Inverse Radius (IR) [30]. In 
comparing response between tPRK (n = 65) and FS-LASIK (n = 64) with similar 
myopic corrections, there was significantly greater biomechanical softening in 
FS-LASIK than tPRK with greater increase of both DA Ratio 2 mm and IR without 
a difference in mean bIOP between the two groups. This is consistent with clinical 
experience that LASIK alters more tissue than PRK due to the presence of a flap 
[31]. Similar results were reported after SMILE (n = 43), with a significant increase 
in the DA Ratio parameters and IR, as well as a significant reduction in SP-A1, all 
consistent with softening or greater compliance. Only the stiffness parameter did 
not correlate significantly with the change in corneal thickness due to surgery, indi-
cating additional biomechanical changes other than the tissue removal or change in 
corneal volume may be involved [32].
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In addition, corneal biomechanical changes have been reported in the shape- 
related DCR’s and SP-A1 after corneal collagen crosslinking, all consistent with 
stiffening in the early 4–7  weeks period after the procedure [33]. A total of 34 
patients were treated with 6 mW/cm2, 15 min exposure, with total energy delivered 
of 5.4 J/cm2. Corvis ST measurements pre and post-procedure showed a significant 
decrease in DA Ratio and IR, with a significant increase in SP-A1. This illustrates 
the sensitivity of these parameters to detect and quantify corneal biomechanical 
changes after a procedure which alters the cornea. Further studies are needed to 
determine changes over time. Accelerated corneal crosslinking (CXL) with short 
exposure times immediately after refractive surgery is a relatively new procedure 
intended to increase post-operative corneal stiffness after refractive surgery. 
Measurable changes in post-operative corneal properties were only reported recently 
in a study comparing tPRK (n = 35) and tPRK-CXL (n = 34) with similar correc-
tions in each group [34]. The crosslinking procedure was performed after comple-
tion of the excimer ablation with power of 30 mW/cm2, exposure of either 90 s of 
continuous irradiation or 180 s of pulsed irradiation for a total dose of 2.7 J/cm2. 
Although SP-A1 was significantly reduced 6 months after both procedures, it was 
not different between groups. However, both DA Ratio and IR were significantly 
different between the 2 groups, with less increase of both parameters in the tPRK- 
CXL group. In other words, less biomechanical softening was shown after tPRK- 
CXL, with accelerated crosslinking, leaving this group stiffer than the group without 
crosslinking, but still significantly softer than pre-operatively.

 Comparison of ORA and Corvis ST

Although the ORA and Corvis ST both rely on an air puff to deform the cornea, both 
generate inward and outward applanation events with a state of concavity in between 
them and both analyze the horizontal meridian of the cornea, the responses they 
measure and report are quite distinct. First, the air puff pressure profiles are different 
between the two devices. Since corneal biomechanical response depends on the 
applied load, the response would be expected to be distinct. In addition, the ORA 
customizes the air puff to each exam, based on the timing of A1. The Corvis ST 
delivers the same air pressure profile with each exam. Second, each device uses a 
different assessment technology with the ORA using an indirect assessment tech-
nique and the Corvis ST using direct assessment with high-speed imaging. Both 
devices provide a global assessment of corneal biomechanical response, without 
spatially resolved information.

What are the consequences of these two strategies in deforming and assessing the 
cornea? First, the Corvis generates the maximal corneal concavity that can be 
reached earlier than the maximum applied air pressure with each exam, and then 
generates rapid, nonlinear backward movement of the globe. Therefore, the energy 
in the air puff once the cornea reaches its limit of displacement is split between the 
cornea and the globe. In the ORA, the cornea will never reach the limit of obtainable 
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concavity, since it is inertia in the piston that determines the maximum air pressure, 
which coincides with largest backward movement of the cornea during an exam. The 
difference in applanation pressures will not be the same between the two devices, 
since in the unloading recovery of the Corvis ST where A2 occurs, the air pressure 
is reducing relative to both the cornea and the globe. Both must be taken into account.

Can the data produced be compared between the ORA and the Corvis ST? First, 
each device developed a more accurate estimation of IOP than Goldmann using a 
different approach. The ORA used an empirical approach for IOPcc, and the Corvis 
ST used an analytical approach for bIOP. Both approaches have advantages and 
disadvantages. Second, due to the important differences in both loading and unload-
ing the cornea, as well as the manner of assessing response, the data from both 
devices should be considered complimentary and not competitive. Although an 
analysis of both the elastic and viscoelastic corneal response is possible from both 
devices with additional development, it is easier clinically to obtain a measurement 
of viscoelastic response from the ORA and a measurement of the elastic response 
from the Corvis ST. To obtain information about the elastic response from the ORA 
would require analysis of the infrared and pressure signals produced. To obtain 
information about the viscoelastic response from the Corvis ST would require 
untangling the corneal recovery from that of the whole eye in the unloading state as 
the air pressure is reduced.

Disclosures Dr. Roberts is a consultant to Oculus Optikgeräte GmbH and Ziemer Ophthalmic 
Systems AG.
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Chapter 6
Biomechanical Properties of the Sclera

Ian C. Campbell, Scott Lovald, Mariana Garcia, and Baptiste Coudrillier

 Introduction

 Scleral Function, Structure, and Composition

The eye is a dynamic organ that is continuously subjected to simultaneous internal 
and external mechanical forces. The sclera, the white part of the eye (Fig. 6.1a), 
comprises approximately 80% of the outer tunic of the human eye [5]. In conjunc-
tion with the cornea, the sclera forms a continuous, approximately spherical shell 
that bears internal and external loads. Internal forces are generated by the presence 
of intraocular pressure (IOP), which in turn is driven by the fluid balance of the 
aqueous humor. IOP distributed across the inner surface of the eye results in tensile 
in-plane stresses. Stresses in the sclera scale approximately with the IOP and with 
the ratio of the eye radius to the eye wall thickness [6]. This is known as “Laplace’s 
Law”, which represents the eye wall as a spherical pressure vessel. As shown by 
Chung et al., this approximation can be unreliable [6]. External forces may include 
tensile loads applied by the extraocular muscles, physiologically applied forces 
such as blinking or rubbing, and forces resulting from eye trauma (e.g., blast injury 
or blunt impact). Maintenance of visual acuity requires that the shape, especially the 
axial length, of the eye to remain unperturbed by these mechanical stimuli. The 
extent of deformation of the sclera under applied loads depends on its shape, thick-
ness, and material properties.
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The sclera is bounded posteriorly by the scleral canal, the opening where all of 
the retinal ganglion cell (RGC) axons carrying the visual information from the ret-
ina to the brain converge to form the optic nerve. Anteriorly, the sclera is bounded 
by the cornea at the limbus. The neural, vascular, and connective tissues that fill the 
scleral canal are known as the optic nerve head (ONH), and the region of the sclera 
located around the ONH is known as the peripapillary sclera. The scleral shell is not 
a perfect sphere [7]. The average inner radius of the human sclera is 12 mm [8]; 
however, eye size varies among individuals [9]. Spatial scleral thickness variability 
is also complex [2]. Olsen et al. dissected 55 human globes and reported a mean 
scleral thickness of 0.53  ±  0.14  mm (mean  ±  standard deviation) at the limbus, 
0.39 ± 0.17 mm near the equator, and between 0.9 and 1.0 mm near the posterior 
pole [10]. These data are within 10% of another histomorphometric study of 238 
human globes presented by Vurgese et  al., who also noted that, immediately 
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Fig. 6.1 (a) Transected human eye demonstrating that the sclera is thinnest at the equator and 
thickest at the pole. Reproduced via Creative Commons license from [1]. (b) Map of scleral thick-
ness in the posterior sclera. The central point represents the location of the optic nerve head 
(ONH). Scleral thickness was measured using microMRI. Large scleral thickness variations were 
seen in the peripapillary sclera. Reproduced from [2], with permission from Elsevier. (c) Electron 
micrograph of a human sclera. The collagen fibrils are organized into lamellae. Fibrils within one 
lamella are unidirectional. Fibroblasts lie in the space between adjacent lamellae. Image repro-
duced with permission from [3]. (d) Maps of the preferred orientations of collagen lamellae in the 
posterior sclera, as measured with wide-angle X-ray scattering (WAXS). Collagen fibrils form a 
circumferential annulus around the ONH. In the rest of the mid-posterior sclera, the collagen fiber 
structure is heterogeneous. Image reproduced from [4], with permission from Springer Nature
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adjacent to the optic nerve, the peripapillary sclera thins to approximately 
0.39 ± 0.09 mm [1]. Thickness is heterogeneous in the peripapillary sclera, as shown 
in Fig. 6.1b. The inferior-nasal quadrant is the thinnest region of the peripapillary 
sclera, and the superior-temporal quadrant is the thickest region [1, 2].

The external surface of the posterior sclera is covered by two vascularized fascial 
layers: the episclera and Tenon’s capsule, and the external surface of the anterior 
sclera is covered by the conjunctiva and partially by Tenon’s capsule. The episclera 
is a transitional 10-micron-thick layer connecting the sclera with Tenon’s capsule, 
which consists of a hypocellular layer of randomly arrayed collagen bundles that 
run parallel to the scleral surface. Tenon’s capsule is firmly attached at the limbus 
but becomes more loosely attached, and thus slightly mobile, about 3 mm posteri-
orly in human eyes, likely merging with the connective dural sheath of the optic 
nerve and with the fibrous bands that connect the eyeball to the orbit [11]. 
Furthermore, Tenon’s capsule has been identified as an important site of attachment 
of pulleys for the extraocular muscles [11]. Other ocular tissues lining the inside of 
the sclera, such as the retina and choroid, are not considered load-carrying struc-
tures [12]. The average thickness of the retina is approximately 0.25 mm, while the 
choroid is approximately 0.2 mm thick [5]. The choroid modulus is reported to be 
between 300 and 600 kPa, more than an order of magnitude lower than that of the 
sclera [5]. The sclera is capable of tolerating a compression stress more than 50 
times greater than an unperfused choroidal strip before folding [13]. The retina is 
even less stiff, with a modulus an order of magnitude lower than that of the choroid, 
approximately 18 kPa [5]. Because of the low thickness or apparent stiffness of 
these tissues, their biomechanical properties have not been widely characterized. 
The rest of this chapter, therefore, focuses on the biomechanics of the sclera.

The mechanical properties of the sclera stem from its collagen-rich extracellular 
matrix (ECM). Collagen accounts for approximately 50% of the human sclera’s wet 
weight, 80–90% of which is type I collagen [14, 15]. Scleral collagen is organized 
into a complex hierarchical structure. Individual type I collagen fibrils are locally 
aligned parallel to each other and then aggregate into interwoven lamellae that are 
heterogeneously oriented throughout the sclera [4, 16–18] (Fig. 6.1c). For instance, 
the collagen fiber structure in the peripapillary sclera is highly anisotropic, with the 
collagen fibers forming a relatively circumferentially-aligned ring around the ONH 
[19] (Fig. 6.1d). Collagen fibrils also exhibit a crimped structure, forming a wave 
pattern axially along each fibril that imparts elasticity, similar to a spring [20, 21]. 
The opaque nature of the sclera is in part a product of the varying diameters of the 
collagen fibrils and of the anisotropic nature of the lamellae into which they are 
organized, causing light to scatter instead of entering the eye in an organized way, 
as is the case with the transparent cornea [22]. In addition to collagen, the ECM of 
the human sclera also contains proteoglycans [23], free glycosaminoglycans 
(GAGs) [15], and elastin fibers, the latter of which are predominantly located in the 
peripapillary sclera [24]. Proteoglycans consist of a core protein with attached nega-
tively charged GAG side chains, which sequester water and are essential for scleral 
hydration [25]. Proteoglycans are also believed to play a key role in modulating the 
arrangement and assembly of collagen fibers [23]. The most abundant 
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proteoglycans in the human sclera are decorin, biglycan, and aggrecan [26], while 
the most predominant GAGs are dermatan sulfate, chondroitin sulfate, hyaluronic 
acid, and heparan sulfate. Porcine sclerae become stiffer after experimental diges-
tion of GAGs, suggesting an important contribution of the ECM component to the 
maintenance of scleral modulus [27]. However, the biomechanical role of GAGs is 
not fully understood. The primary cell type found in the sclera is fibroblasts, which 
synthesize and remodel the scleral ECM [23]. In healthy scleral tissue, matrix deg-
radation is balanced by new matrix production. This balance is impaired in patholo-
gies that impact scleral biomechanics, such as myopia and glaucoma.

 Scleral Biomechanics’ Role in Ocular Pathologies and Injuries

Scleral biomechanics is known to play a key role in a number of sight-threatening 
pathologies such as glaucoma or myopia, as well as in injuries such as ocular trauma 
or blast. Further quantitative study of scleral biomechanics is critical to advancing 
our understanding of these ocular diseases.

 Glaucoma

Glaucoma is the second leading cause of blindness in the modern world; approxi-
mately 76 million people worldwide are projected to suffer from glaucoma by 2020 
[28]. Glaucoma is marked by a characteristic pattern of vision loss that gradually 
manifests over a period of months or years and is associated with the irreversible 
loss of RGC axons. Population-based studies have demonstrated a strong correla-
tion between elevated IOP and the risk to developing glaucoma [29, 30], with some 
concluding that elevated IOP is a causative risk factor [5]. Furthermore, IOP- 
lowering medication and surgical interventions to lower IOP are typically beneficial 
to slow the rate of disease progression [29–31]. There are several forms of glau-
coma, of which open-angle glaucoma is the most common. These various forms of 
glaucoma are clinically distinct, but all result in an outcome of RGC axon loss. 
Glaucoma is a multifaceted, chronic disease, and the exact mechanisms leading to 
vision loss in glaucoma have not yet been fully elucidated. However, it is believed 
that axonal damage is initiated at least in part by excessive biomechanical stresses 
in the peripapillary sclera as result of IOP burden [32–35]. The stresses and resul-
tant mechanical strains are magnified at the ONH, where soft neural tissue domi-
nates the composition and the density of connective tissue is lower. IOP-related 
stresses and deformations of the ONH are believed to generate a series of biome-
chanical and biochemical responses that culminate with axonal degeneration. 
Computer modeling studies have demonstrated the importance of scleral mechanics 
in determining the stresses in the ONH [4, 8]. Therefore, measuring scleral biome-
chanics in the healthy and glaucomatous eye has been a subject of recent research 
to better elucidate the pathophysiology of glaucoma.
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 Myopia

Myopia, commonly called nearsightedness, is a condition of vision defocus wherein 
light entering the eye is focused anterior to the retina; it is predicted that by 2050, 
half of the world population will be nearsighted [36]. It is the second leading cause 
of preventable blindness in developing countries [37] and incurs a financial burden 
of more than 5 billion dollars in the United States alone [38]. As myopia develops, 
refractive error typically resulting from axial lengthening of the eye and/or exces-
sive curvature of the primary refractive components of the eye (cornea and lens) 
moves the retina posteriorly relative to the natural focal plane of the eye, resulting 
in blurry vision. Myopia, especially at refractive errors larger than -6D, is also a 
known comorbidity for other blinding diseases such as glaucoma and retinal detach-
ment [39]. Altered remodeling of the scleral ECM is fundamental to the changes in 
eye size caused by myopia. Studies in animal models have shown that scleral thin-
ning and scleral remodeling including reductions in collagen I and GAG content, an 
increase in the percentage of small collagen fibrils in the scleral matrix, and disrup-
tion to the interwoven arrangement of collagen lamellae occurs during the develop-
ment of myopia [23, 40]. These changes alter the viscoelastic behavior of the sclera, 
leading to faster creep behavior (time-dependent elongation of the eye under con-
stant pressure) [41, 42]. Understanding how scleral biomechanics is altered with 
myopia is critical to understanding the mechanism by which myopia develops and 
progresses.

 Ocular Injury

Eye injuries affect an estimated 1.9–2.5 million people in the United States every 
year [43, 44], of which about 40,000–50,000 result in vision loss [44, 45]. 
Approximately 30,000 cases result in complete blindness in one eye because of 
ocular trauma [46]. Because the sclera is overlaid by the conjunctiva and episcleral 
tissue and is mostly located within the orbit, it is not directly accessible from the 
outside. Scleral injury typically arises via one of two primary avenues: direct trauma 
or blast injury. Both are topics motivating further research to better characterize the 
biomechanical properties of the sclera, as the loads and loading rates on the sclera 
that cause injury are typically orders of magnitude greater than the physiological 
realm in which scleral biomechanics has traditionally been studied. The sclera itself 
is minimally vascularized; however, the blood vessels of the conjunctiva and epi-
sclera can rupture in cases of ocular injury, appearing as bright red pools of blood 
through the otherwise transparent tissue. Sometimes called “scleral petechiae,” 
these are more accurately called subconjunctival petechiae and can indicate that 
direct trauma has occurred. Petechiae can also be caused by vessel rupture as a 
result of high blood pressure, sometimes occurring acutely from sneezing or strain-
ing [47]. Scleral/subconjunctival petechiae are frequently noted by medical examin-
ers as forensic evidence of asphyxia [48].
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Rupture of the sclera is uncommon but is nonetheless a serious injury when it 
does occur, as urgent medical attention is needed to prevent extrusion of ocular 
contents, to seal against pathogens and foreign bodies, and to maintain IOP to pre-
vent ocular collapse. Since the sclera is a tough tissue (the etymology of its name is 
from the Greek word for “hard”), it can resist significant external loads before gross 
rupture of the eye occurs. In the absence of a laceration to a specific location, the 
initial site of rupture as a result of direct, general trauma to the globe is typically at 
the limbus or at the equator, where the sclera is thin and where deformation is 
expected to be high for an impact to the anterior eye [49, 50]. In the absence of a 
laceration, rupture from impact with a projectile has been shown experimentally to 
initiate from inside out [51, 52]. In high-impact automobile collisions, facial contact 
with the air bag has been attributed to cases of globe rupture; modern airbags that 
deploy at a lower power depending on crash severity have been shown to reduce the 
risk of such an injury [53]. Because such significant loads are required to result in 
globe rupture, comorbidities such as fracture of orbital bones like the lamina papy-
racea (which is only 200–400 μm thick) often accompany globe rupture [54]. Better 
understanding of the dynamic mechanical behavior of the sclera is needed to under-
stand the stresses that can cause the eye to rupture or that can damage the internal 
components of the eye.

Blast injury to the eye is one of the most common types of ocular combat inju-
ries, resulting when individuals are exposed to a shock wave, also called a primary 
blast injury (a secondary blast injury, wherein fragments or objects propelled by the 
blast might contact the eye, is a form of direct contact trauma). Blast injuries are 
often experienced by military personnel, particularly those in close proximity to 
improvised explosive devices. Fireworks, although capable of producing blast 
waves, have been shown by Alphonse et  al. to more likely injure through direct 
contact of the projectiles and not via blast [55]. Blast injury is a particularly compli-
cated phenomenon because the bones of the orbit can reflect the shock wave back 
and therefore increase the risk of injury compared to a free field exposure [56, 57].

The above conditions are complex; thus, a variety of investigational approaches 
have been used to study them, ranging from computational modeling to animal 
studies to clinical imaging in humans to testing of postmortem human eyes. The 
next section of this chapter reviews the different methods used to measure the 
mechanical properties of the sclera and the animal models that have been developed 
to better understand the role of scleral biomechanics in glaucoma and myopia.

 Methods to Measure Scleral Biomechanics

 General Remarks on Scleral Biomechanics

Like most collagen-rich tissue such as the cornea, tendons, or ligaments, the bulk 
mechanical response of the sclera is nonlinear, viscoelastic, nearly incompressible, 
and anisotropic [5]. The nonlinear stress/strain behavior has been attributed to the 
tendency of collagen fibrils to be wavy at low stresses, providing little resistance to 
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the applied loads but becoming increasingly taut as the applied load increases [21, 
58]. The sclera displays a time-dependent (viscoelastic) behavior, evidenced by 
creep under constant load [59], stress relaxation under constant strain [60], loading 
rate dependence [61], and/or hysteresis upon unloading [61]. The incompressibility 
of the sclera is believed to be due to the tendency of proteoglycans to conserve water 
within soft tissues, providing a water content of more than 70% in the sclera [25]. 
As mentioned earlier, the in-plane anisotropy of the sclera tangent to the ocular 
surface is a result of the organization of the collagen microarchitecture, which 
exhibits preferred orientation [17]. In addition, the mechanical properties of the 
sclera through its thickness differ from its planar properties. Battaglioli and Kamm 
conducted compression tests and determined that the through-thickness stiffness of 
the sclera was two orders of magnitude smaller than in the in-plane direction [58]. 
The authors proposed that, since collagen fibril bundles run primarily in the in-plane 
direction, they are better able to resist changes in circumference than changes in 
thickness. However, there are still very few studies in the literature on scleral elastic 
modulus under compressive stress in the thickness direction.

Research efforts have used a wide range of methodologies to characterize the 
complex mechanical properties of scleral tissue. Many published studies on scleral 
biomechanics have tested animal tissues. As in any animal study, one must consider 
the advantages, disadvantages, and human biofidelity when interpreting results. 
Some animal models are particularly advantageous because of ease of procurement 
of scleral tissue; these include porcine [62–64], rabbit [60], and bovine [59]. Other 
animal models are advantageous because of established procedures to induce glau-
coma; these include monkey [65, 66], mouse [67], and rat [68]. Others are advanta-
geous because of established procedures to induce myopia; such animal models 
include tree shrew [69, 70], mouse [59, 71], and avian [42, 72, 73]. Nonetheless, 
because of differences in stiffness or composition between the non-human and 
human sclera, the most directly relevant biomechanical information is obtained 
from testing human tissue, typically cadaveric [61, 74–77].

Before describing these experimental methods, it is important to review some 
known limitations of in vitro biomechanical characterization of scleral tissue.

 Tissue Storage

Most experimental studies advocate testing of scleral tissue within a few days post-
mortem [4, 13, 60, 63, 77–79]. Justification for this practice has primarily refer-
enced a study by Girard et al., which concluded that sclerae can be stored up to 
3 days without risking noticeable mechanical deterioration [80]. To date, there is no 
study that has quantified the temporal relationship between gross material proper-
ties in the sclera and mechanical deterioration. Elsheikh et al. reported no signifi-
cant variation in the thickness or the tangent modulus of scleral tissue over a period 
of up to 16 days in Eusol-C storage media [81]. Schultz et al. tested human and 
porcine sclerae within 2 days postmortem and after an additional week of frozen 
storage and observed that differences in mechanical results were not statistically 
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significantly distinct from fresh tissue [64]. The stability of the sclera postmortem 
can be explained by its low cellularity compared to other ocular tissues (e.g., retina 
and choroid).

 Tissue Preconditioning

Preconditioning is a common experimental procedure used when testing the 
mechanical properties of soft biological tissues, and the sclera is no exception. 
Although preconditioning is required to obtain a repeatable cyclic response in uni-
axial testing [70], cyclic preconditioning of scleral tissue is also thought to have two 
unwanted effects: [5] the reorientation of collagen lamellae toward the loading axis, 
resulting in an effective stiffening of the material; and [6] damage to the fibers and 
matrix constituents of the tissue, including breaking of collagen cross-links [67]. 
Damage due to preconditioning has been characterized as a Mullins effect because 
collagen cross-links break during repeated loading, leading to an effective softening 
of the stress-strain curve [67].

In most tensile testing of scleral strips, changes to the mechanical behavior after 
preconditioning include a shift of the load-elongation curve, a reduction in hyster-
esis, and a reduction in peak stress [67]. Studies typically show a rightward shift in 
the force-displacement response with cycle count, indicating a gradual decrease in 
secant modulus, which is more apparent at higher stresses. Elsheikh and Geraghty 
both performed 10 loading cycles up to a stress of 1–2 MPa and observed both a 
rightward shift of the force-displacement response during cycling as well as 
increases in the tangent modulus until about the fourth cycle [76, 81]. There is no 
established standard for preconditioning of sclerae. Variation in preconditioning 
protocol parameters in published studies include the magnitude or exclusion of a 
pre-stress, the number of preconditioning cycles (up to 20  cycles) [69], and the 
stress to which the samples are cycled (up to 2 MPa) [81]. Rest periods between 
cycles are typically not specified.

With the limitations of in vitro testing in mind, we now describe the primary test 
approaches used to characterize the mechanical behavior of the sclera—namely, 
uniaxial strip tension, biaxial strip tension, inflation testing, and indentation testing.

 Uniaxial Tension Testing

Uniaxial testing is a common method for characterizing the stress and strain in a 
material, given its relatively simple implementation for isotropic materials. However, 
there are many known complications associated with uniaxial testing of scleral sam-
ples, particularly the limitation that cutting and clamping the tissue disrupts the 
native fiber structure and natural three-dimensional curvature. The sclera naturally 
exists in a state of primarily biaxial stress, and it has been suggested that uniaxial 
testing of scleral strips may not produce representative tissue behavior [63]. Of 
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particular concern, the straightening of a naturally curved strip of sclera for testing 
may introduce error due to uneven straightening of fibers on the inner versus outer 
surface of the scleral specimen. Specimen gripping is also problematic, as it may 
cause stress concentrations, and sample slippage of the naturally moist sclera may 
occur [5, 63]. Typically, authors will aim to ensure that the specimen size is suffi-
cient to avoid issues with gripping, edge fiber disruption, and local anisotropy of the 
specimens. Additionally, cutting samples may expose free collagen fibers along the 
sides of the strips, lowering the magnitude of the elastic response [12].

Representative stress-strain curves for various uniaxial studies are shown in 
Fig. 6.2. Data from Geraghty [76], Elsheikh [81], and Wollensack [82] appear rela-
tively consistent. The comparatively lower magnitude of stiffness in the data from 
Friberg [13] and Chen [25] is notable, particularly because the test protocols used in 
these studies used a small preload without any stress preconditioning cycles.

When evaluating scleral viscoelastic properties using uniaxial tensile testing, 
Downs [60] observed that material properties of rabbit sclerae were largely 
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Fig. 6.2 (a) Example of a test fixture used for performing uniaxial tensile studies of scleral strip 
specimens. Reprinted from [82] with permission from Elsevier. (b) Stress-strain data from various 
studies on human scleral mechanical behavior using a uniaxial test methodology. Data were digi-
tized from the original sources [13, 25, 76, 81, 82]
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insensitive to strain rate for rates of 0.1%/s, 1%/s, and 10%/s, and at strain magni-
tudes below 4%. In contrast, human scleral specimens were stiffer when tested at 
strain rates of 3.3%/s than at 0.13%/s, indicating a greater role of viscoelasticity in 
human sclerae than rabbit sclerae during uniaxial testing [81]. The microstructural 
characteristics contributing to viscoelasticity of the sclera are not fully understood [5].

Using uniaxial tension, it has been shown that the anterior sclera has a higher 
stiffness than the posterior sclera [5, 76]. In fact, Friberg et al. demonstrated that the 
anterior sclera is about 60% stiffer than posterior sclera [13]. A more recent study 
found the increase in stiffness from the posterior pole of the eye to the equator was 
measured as 3.3%, whereas the increase in stiffness from the equator to the anterior 
sclera near the limbus was reported as approximately 14% [81]. It has been pro-
posed that this increase in stiffness is due to differences in the collagen fiber align-
ment and microstructure between the anterior and posterior regions, with the 
anterior region having a more uniform weave of collagen fibers [81]. The lower 
mechanical stiffness in the posterior sclera is balanced by a greater wall thickness 
(Fig. 6.1b), providing the area surrounding the ONH with a sort of mechanical rein-
forcement against excessive deformation under load [81].

 Biaxial Tension Testing

A number of studies have conducted biaxial testing of scleral specimens, with a goal 
of better matching the in vivo biaxial stress state of the sclera. During biaxial tensile 
testing, the spherical sclera is flattened and cut into a planar square specimen, which 
is then loaded along two orthogonal axes. This methodology is believed to more 
accurately capture the anisotropic mechanical response of the material. However, 
biaxial testing shares many limitations of uniaxial testing, including sample flatten-
ing, gripping, and fiber exposure from specimen cutting.

Results from a biaxial testing study conducted by Cruz-Perez et al. (Fig. 6.3a) 
indicated that the circumferential direction (i.e., parallel to the eye’s equator) is 
significantly stiffer than the meridional direction (i.e., a line connecting the two 
poles of the eye) during equibiaxial loading [79]. Eilaghi subjected scleral samples 
from 40 human donor eyes to biaxial testing. The large variability in the mechanical 
behavior among different samples observed in this testing was comparable to the 
variability observed in uniaxial testing [77], as illustrated in Fig. 6.3b. This study 
found that the human sclera was nearly transversely isotropic—i.e., the stiffness in 
the circumferential and meridional directions were nearly identical.

 Inflation Testing

Recent studies have shifted toward a preference for using inflation testing to address 
the limitations of uniaxial and biaxial testing. This methodology involves mounting 
hemispherical scleral specimens on customized inflation chambers and measuring 
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the displacement/strain response of the sclera to controlled pressurization simulat-
ing variations in IOP. Inflation testing applies loads to the sclera in a more natural 
state than tensile testing and therefore is believed to produce a material response of 
the tissue that most accurately represents the in vivo behavior [61]. Inflation testing 
further avoids issues associated with preconditioning, including fiber rearrangement 
and microstructural damage. In fact, preconditioning of scleral tissue has been 
shown to be unnecessary in inflation testing [67]. Lari et al. compared whole-globe 
inflation testing and uniaxial testing in matched porcine eye pairs and found that 
measured stiffness was approximately 2.1 times greater at 1% strain in the inflation 
tests [63], suggesting that material properties derived from uniaxial tensile testing 
may not be appropriate to extrapolate to whole-globe material properties.

Numerous imaging methods have been developed to measure the deformation of 
the sclera during pressure-controlled inflation testing. In the first published inflation 
test of human globes, performed by Woo et al. [78], the displacement of individual 
points of the scleral surface was monitored using a flying spot scanner. Recent infla-
tion testing studies have used advanced optical methods to map the full-field 
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Fig. 6.3 (a) Example of a fixture used by Cruz-Perez et al. for performing biaxial tensile testing 
of scleral strip specimens. Reprinted from [79], with permission from Elsevier. (b) Thick black 
lines: Range of stress-strain curves observed in biaxial testing of the human sclera by Eilaghi et al. 
[77]. For comparison to uniaxial test results, only the stiffest and most compliant curves measured 
in the uniaxial tests shown in Fig. 6.2 have been plotted here [25, 81]
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three- dimensional displacements of the scleral surface, including 3D digital image 
correlation (DIC) [61, 75, 83], electronic speckle pattern interferometry (ESPI) [65, 
69, 84], ultrasound speckle tracking [62, 85], and multiphoton microscopy [86]. A 
comparison of the strain response of the human sclera between inflation pressures 
of 10 and 20 mmHg observed in three studies is shown in Fig. 6.4.

One disadvantage of inflation testing compared with uniaxial testing and biaxial 
testing is that the stress/strain behavior of the sclera cannot be directly inferred from 
experimental data. Stresses in the sclera during inflation testing are complex, espe-
cially in the peripapillary sclera, where the adjacent and comparatively soft ONH, 
the spatially varying thickness of the sclera, and the highly anisotropic fiber struc-
ture cause the stress profile to exhibit significant spatial variations that cannot be 
estimated analytically [4].

Computer modeling techniques have been developed to calculate stresses and 
biomechanical material properties of the sclera from experimental data acquired via 
inflation testing [61, 65, 69, 78]. A popular method, termed “inverse finite element 
analysis,” is used to calculate a representative constitutive model for the sclera using 
a combination of the finite element method and optimization algorithms, iterating to 
best match the model displacement to the deformation observed in an inflation test. 
Recent constitutive models of the sclera developed using this technique include 
details of the scleral ECM microstructure, such as the experimentally measured, 
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Fig. 6.4 (a) Example of a posterior human sclera placed on an inflation chamber. In this study, 
stereo cameras imaged the deforming sclera during controlled-pressure inflation testing, and DIC 
was used to calculate scleral strains. Reproduced from Coudrillier et  al. with permission [61]. 
Image © Association for Research in Vision and Ophthalmology. (b) Since the initial pressure in 
inflation testing is different among studies, it is more convenient to compare the change in strains 
of the sclera between two inflation pressures. Represented in the bar chart is the change in strains 
between 10 and 20 mmHg measured by Coudrillier et al. using DIC [61], Pavlatos et al. using 
ultrasound speckle tracking [85], and Grytz et al. using ESPI [87]
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spatially varying collagen structure [4] or a microstructural representation of the 
collagen fibrils [69]. These models have been used to predict the effects of scleral 
stiffness [8] and collagen anisotropy [4] on the biomechanics of the ONH and are 
important tools to better understand the role of biomechanics of the sclera in glau-
coma and myopia.

 Indentation Testing

Nanoindentation using atomic force microscopy (AFM) has been used to measure 
the local mechanical properties of the sclera [88–90]. Contrary to the methods listed 
above, AFM does not provide bulk properties of scleral tissue. Instead, this tech-
nique measures the compressive properties of the tissue using a very small indenter 
and therefore is sensitive to the composition of the sclera at the site of 
measurement.

 High Strain Rate Testing

Measurements of the mechanical response of the sclera at high strain rates were 
performed by adapting experimental methods presented above. Bisplinghoff et al. 
used dynamic pressurization to conduct inflation testing at an average rate of 
36.5 MPa/s [46]. This study showed that the sclera is significantly stiffer at high 
strain rates than at low strain rates, confirming the viscoelastic nature of the sclera 
(Fig. 6.5).

The high strain rate behavior of the sclera can also be characterized by reproduc-
ing blunt impact loading scenarios in the laboratory. Any object that impacts the eye 
with large amounts of energy could potentially result in globe rupture. Case studies 
have reported such injuries from projectiles such as airsoft pellets or BBs [51, 91], 
paint balls [50, 91], or sporting equipment [92, 93]; air or water jets, including fire 
hoses or water features [94–97]; or other blunt objects. It has been shown that a 50% 
injury risk of globe rupture occurs at impact energies of around 8–10 J, which, when 
normalized to account for the area over which the kinetic energy is applied, is 
approximately 24,000 kg/s2 [50, 51, 91]. As the eye becomes compressed by an 
external load, IOP rises; in humans, a pressure of about 6800–7300 mmHg has been 
shown to cause rupture under dynamic conditions [49, 98, 99]. For comparison, 
blinking has been shown to raise IOP by about 10 mmHg, and squeezing the lids 
closed raises it by about 80 mmHg [100, 101]. The rate of loading has also been 
shown to affect the likelihood of rupture, as eyes that have been quasi-statically 
loaded have been shown to rupture at lower magnitudes of pressure [102]. Therefore, 
high strain rate loading of scleral tissue clearly presents a unique domain wherein 
material properties determined via quasi-static loading experiments may not apply 
well; further research is needed within this domain. As a tool to evaluate injury 
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potential from direct impact to the eye and orbit as well as to evaluate safety equip-
ment intended to mitigate such an injury, researchers at the Virginia Tech—Wake 
Forest Center for Injury Biomechanics developed the Facial and Ocular 
CountermeasUre Safety (FOCUS) Headform as an improvement over existing 
anthropomorphic test devices (ATDs) [103, 104]. This headform has been used to 
evaluate the risk of globe rupture based on an instrumented synthetic eye and orbit, 
and studies suggest that a 4.5 mm-diameter BB contacting an eye with 107 N of 
force has a 50% likelihood of globe rupture [105, 106].

Of even greater strain rate than blunt trauma is the realm of primary blast injury 
from a shock wave. This domain is of great importance to the development of 
protective technologies (e.g., for soldiers in war zones); to date, there are limited 
data on the mechanical behavior of the sclera and other ocular tissues under blast 
conditions. Complicating the study of blast injury is the need to study ocular tis-
sues within a bony orbit, because evidence suggests that reflected shock waves 
may increase the injury potential compared to a free field exposure, due to effec-
tively multiple exposures and/or to constructive interference of the incoming and 
reflected waves [56, 57]. A number of physical testing methods have been devel-
oped, including detonation of explosives [56] and various designs of shock tubes 
[107, 108]. Documentation of injury or lack thereof after blast exposure can be 
used to inform injury thresholds. These methods can be used to test predictions of 
finite element computer models to better understand ocular risk from shock waves 
as well as to improve design of attenuating protective wear [57, 109–111]. It 
remains an experimental challenge to directly measure the properties of viscoelas-
tic tissues in response to shock wave exposure, including ocular tissues, due to 
sensor limitations.
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 Toward in Vivo Measurement of Scleral Biomechanics

To date, the reliability of methods to measure scleral stiffness in vivo has been lim-
ited. Hommer et al. developed a method to measure the in vivo ocular expansion of 
the human eye induced by blood pressure pulsation, a phenomenon termed “ocular 
rigidity” [112]. However, this method measures the biomechanical response of the 
entire globe and therefore considers not only the contribution of the sclera but also 
that of other tissues such as the cornea and internal ocular components. This tech-
nique cannot, at present, differentiate the material properties of individual tissues of 
the eye. Shear wave elastography was recently adopted to measure differences in 
structural stiffness between the sclerae of patients with and without glaucoma [113]. 
This method, while still under development, offers promise to perform longitudinal 
measurements of scleral stiffness in the clinic.

Recently, novel imaging technologies such as optical coherence tomography 
(OCT) have been proposed to measure the biomechanics of the ONH and surround-
ing tissues in vivo [114]. No imaging modalities to date have been capable of visual-
izing the full thickness of the entire sclera at high spatial and temporal resolution in 
the living eye. However, we predict that novel imaging techniques and computer 
modeling approaches will continue to facilitate the development of methods to mea-
sure scleral mechanical properties in vivo.

 Animal Models for Studies of Scleral Biomechanics

Animal models are widely used in biomedical research as a proxy for human sub-
jects, and in vivo studies of scleral biomechanics are no exception. Although caution 
must be observed when interpreting and translating the results of any study employ-
ing non-human subjects to matters of human health, animal models have greatly 
aided our understanding of scleral anatomy and biochemical composition, patho-
physiology, and development of treatments for scleral pathologies and injuries 
[115]. A considerable proportion of the animal models developed with regard to 
scleral biomechanics to date are focused on glaucoma and myopia research [116]; 
the advantages of various models have been reviewed at length elsewhere [72, 115, 
117–123], although scleral biomechanics specifically has not often been the focus 
of such reviews.

Rodent models have been extremely widely studied, given their ease of avail-
ability and handling, and a number of relatively well characterized mouse and rat 
models of glaucoma [124–127] and myopia [71] exist. In rodents, glaucoma can be 
induced in a variety of methods, including the formation of transgenic animals 
[128]; application of steroids [129, 130]; injection of microbeads [131, 132], 
hypertonic saline [133, 134], or viscoelastic polymers [135]; gene modulation 
using viral vectors [136]; or laser photocoagulation of aqueous humor outflow 
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pathways [137]. Rodent models have been used recently to study the potential ther-
apeutic role of modulating scleral biomechanical properties as a treatment for glau-
coma [68, 138].

Also widely used in studies of scleral biomechanics in glaucoma and myopia are 
model organisms such as the tree shrew [42, 70, 139–141], non-human primate [66, 
142], ovine [21, 143], porcine [144, 145], rabbit [146–150], canine [151], feline 
[152], guinea pig [153], avian [42, 73], and zebrafish [154, 155]. Each model offers 
benefits and tradeoffs; the publications referenced here are in no way exhaustive of 
all animal studies investigating scleral biomechanics. However, it is clear that 
in vivo and ex vivo animal models have contributed greatly to the modern under-
standing of this topic.

 Variations in Scleral Biomechanics

The healthy sclera is a dynamic structure. Scleral fibroblasts continuously degrade 
existing ECM and synthetize and organize proteins to form new scleral tissue. It is 
believed that this equilibrium is altered in various diseases or conditions. Using 
animal models or in vitro mechanical testing of donor eyes, researchers have shown 
that the structure and mechanical properties of scleral tissue change with age, glau-
coma, and myopia.

 Age-Related Changes in the Biomechanics of the Sclera

There is substantial evidence that the aging sclera becomes progressively stiffer. 
Increased stiffness was measured in older mice [59], monkeys [65], and dogs [151]. 
Stiffening of the human sclera has been identified using both uniaxial tension test-
ing [13, 41, 76] and inflation testing [61, 74, 156]. In humans, older age was associ-
ated with a stiffening of the non-collagen components of the ECM (the shear 
stiffness) [87, 156] and a decrease in crimp angle of the collagen fibrils [87].

Increases in stiffness are accompanied with changes in the morphology of the 
sclera. Older age is associated with a decrease in the anisotropy of the peripapillary 
scleral collagen structure, as measured by wide-angle x-ray scattering (WAXS) 
[156]. It is unclear whether changes in scleral thickness occur with aging. Evidence 
demonstrating scleral thinning with age include studies by Coudrillier et al. [61] 
using aged human donor eyes and studies by Avetisov et al. [41]. On the other hand, 
Grytz et al. found no significant changes in scleral thickness when analyzing 66 
eyes from human donors of European and African descents [87], and Vurgese et al. 
also found no correlation between scleral thickness and age in a histomorphometric 
study of 238 human globes [1].
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 Glaucoma-Related Changes in the Biomechanics of the Sclera

Alterations to the extracellular matrix composition and organization have been 
reported in the glaucomatous human sclera. WAXS measurements of the colla-
gen fiber structure in eyes of donors diagnosed with glaucoma showed a decrease 
in fiber anisotropy (the degree of fiber alignment) in the superior-temporal and 
inferior- nasal quadrants of the peripapillary sclera [17]. Glaucoma-related dif-
ferences in the collagen fiber structure were also identified using small angle 
light scattering (SALS) [157]. Thickness variation with glaucoma has been 
characterized with conflicting results. Coudrillier et al. found that the peripapil-
lary sclera of diagnosed glaucomatous donor eyes with axonal damage were 
thicker than that of non- glaucomatous eyes [61]. In contrast, Vurgese et  al. 
found that scleral thickness was not significantly correlated with the presence of 
absolute secondary angle-closure glaucoma [1]. Finally, the thickness of patients 
with normal-tension glaucoma measured by swept-source OCT was, on aver-
age, 174  μm thinner than that of patients with primary open-angle glau-
coma [158].

Recent experimental studies have shown that the mechanical properties of 
the normal sclera and the glaucomatous sclera are different. General agreement 
among the glaucoma research community is that the glaucomatous sclera is 
stiffer.

Using uniaxial tensile testing, Downs et al. found that the relaxation modulus 
was larger for monkeys with early experimentally induced glaucoma [60]. 
Significant stiffening of the monkey sclera with induced chronic IOP elevation was 
measured by Girard et al. using inflation testing [66]. Similar scleral stiffening was 
also reported after induction of glaucoma in mice [67]. Inflation testing was applied 
to the normal and glaucomatous human sclera by Coudrillier et al., who found that 
mechanical strains in the peripapillary sclera at a given level of IOP were lower in 
eyes from donors who had glaucoma compared to eyes from non-glaucomatous 
donors [61]. The authors also calculated the material properties of the eyes using an 
inverse finite element method and found that, on average, both matrix and fiber stiff-
ness were highest for sclerae of donors who had a diagnosis of glaucoma with axo-
nal damage [159]. African ancestry is a known risk factor for glaucoma [160]; Grytz 
and colleagues measured an increased stiffness in donor eyes from African- 
American donors [87], confirming a correlation between increased scleral stiffness 
and glaucoma.

Although most studies concluded that the human glaucomatous sclera is stiffer, 
it remains unknown whether this biomechanical change represents an adaptive 
response to the disease or represents baseline structural properties that predispose 
one to glaucomatous axonal damage.
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 Myopia-Related Changes in the Biomechanics of the Sclera

The mechanical properties of the sclera are highly dependent on the nature and 
arrangement of its collagen fibers. The architecture of healthy sclera (collagen 
cross-linked into fibrils, which in turn are arranged into lamellae that are anisotropi-
cally oriented throughout the sclera) is disturbed during the development of myopia, 
giving rise to abnormal mechanical properties [5, 161].

Studies in animal models have provided the most insight into the scleral changes 
underlying myopia. The sclerae of myopic eyes exhibit greater elasticity and a more 
pronounced creep response (greater elongation under constant load) compared to 
that of normal sclerae, especially at the posterior pole [42, 162–164]. Grytz and 
Siegwart recently used uniaxial tensile testing and finite element modeling to show 
that the collagen fiber crimp angle was higher during lens-induced myopia develop-
ment in a tree shrew model [70]. Scleral stiffness was also found to increase after 
starting and stopping negative lens treatment.

The altered mechanical behavior has been linked to scleral thinning, which goes 
hand-in-hand with reductions in type I collagen and GAG content; an increase in the 
percentage of small collagen fibrils in the scleral matrix; and disruption of the inter-
woven arrangement of collagen lamellae [23, 165]. Based on studies in animal mod-
els, these changes in scleral ultrastructure manifest early in myopia development 
[140] and are reversible. Creep experiments in tree shrews have correlated myopia 
recovery with a reduction in scleral creep response [162]. During the recovery pro-
cess, matrix metalloprotease (MMP) activity decreases, while expression and activ-
ity of their inhibitors tissue inhibitors of metalloproteases (TIMPs), as well as 
proteoglycan and GAG synthesis, increase [40, 166, 167]. Such observations high-
light not only the important role of the sclera in myopia development but also the 
dynamic remodeling process exhibited by a tissue that could be mistakenly consid-
ered an inert casing.

Taken together, all these factors paint a picture that can help us understand the 
chain of events behind the mechanical behavior of myopic sclerae. Synthesis of 
matrix components such as proteoglycans and GAGs is influenced in part by the 
mechanical tension within the matrix, which is transmitted to the scleral fibro-
blasts through mechanosensors such as integrins, a large family of transmem-
brane proteins composed of two main classes of subunits (termed α and β). As a 
result of a yet to be fully understood myopia-generating signaling cascade, the 
expression of integrin subunits decreases [168], diminishing the ability of scleral 
fibroblasts to respond to changes in eye wall stress. Resulting reductions in matrix 
production in conjunction with increases in matrix degradation due to higher 
MMP secretion ultimately lead to significant changes in tissue hydration and 
thickness.
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 Altering Scleral Biomechanics as a Potential Treatment 
for Glaucoma and Myopia

Computer modeling has shown that the stiffness of the sclera is a major factor con-
trolling mechanical strains in the ONH [8]. Strains in the ONH have been shown to 
be higher for compliant sclerae than stiff sclerae. Further, mice with experimentally 
induced glaucoma with compliant sclerae were more prone to axonal damage [67], 
suggesting that increased scleral stiffness may be neuroprotective in glaucoma. 
Therefore, pharmaceutical scleral stiffening has been proposed as a potential treat-
ment for glaucoma, motivated in part by successful clinical use of collagen cross- 
linking to treat corneal disorders such as keratoconus [169]. It has been shown that 
stiffening the peripapillary sclera of porcine eyes with glyceraldehyde reduced the 
strain in the LC [144], which may have a positive effect in treating glaucoma. The 
efficiency of different biocompatible scleral stiffening agents was recently studied 
by Kimball et al. [138] and Campbell et al. [68], with the former study suggesting 
that scleral stiffening actually increased the magnitude of damage in glaucoma. 
Although the finding of Kimball et al. was contrary to predictions from computer 
modeling studies, to date there are no successful in vivo studies evaluating the 
potential benefits of scleral stiffening to treat glaucoma. Clayson et al. have shown 
that stiffening the entire eye increases the magnitude of ocular pulse [145], a finding 
that may suggest a need for targeted peripapillary scleral stiffening rather than 
whole-eye scleral stiffening to treat glaucoma [144].

Scleral stiffening through cross-linking treatments has also been investigated as 
a treatment of myopia [82]. A recent study by Liu et al. investigated the effects of 
UV-riboflavin cross-linking on the biomechanics and microstructure of the guinea 
pig sclerae [170]. Cross-linked sclerae were stiffer and had a denser and more regu-
larly distributed fiber structure compared to non-cross-linked sclerae. Guinea pigs 
that had been subjected to scleral cross-linking had a lower mean refractive error 
than control animals, suggesting that UV-riboflavin cross-linking of the sclera may 
prevent the progression of myopia. Similarly, Wang and Corpuz showed that genipin 
cross-linking of scleral collagen prevented the progression of myopia in guinea pigs 
[171]. A similar study by Chu et al. using glyceraldehyde found that stiffening did 
not improve outcomes in experimentally induced form deprivation myopia in guinea 
pigs [172]. In studies using a rabbit model of myopia, Dotan et al. demonstrated 
improved resistance to experimentally induced myopia using UV-riboflavin cross- 
linking [150, 173].

 Scleral Fibroblast Biomechanics

Scleral ECM plays a central role in ocular biomechanics. Likewise, scleral fibro-
blasts also provide important contributions to eye growth and matrix modulation, 
and, consequently, to overall eye biomechanics. It is commonly discussed in the 
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literature that the sclera has low cellularity compared to other tissues in the body 
[11], yet few studies have endeavored to determine scleral fibroblast density. 
General estimates can be gleaned from molecular biology studies of scleral matrix 
composition, which often normalize data to DNA content. For example, a study 
measuring changes in aggrecan content in chick sclerae as a result of myopia- 
inducing treatment reported approximately 42.5 and 23 μg of DNA in the anterior 
and posterior sections of the sclera of control eyes, respectively [174]. Note, how-
ever, that these data relate to the bilayered avian sclera and thus include a population 
of scleral chondrocytes that would not be found in mammalian eyes. Approximations 
can also be made by drawing parallels with the cellularity of the corneal stroma, 
which has been estimated at 818,000 ± 186,000 keratocytes per 7 mm central cor-
neal button and 2,430,000 ± 551,000 keratocytes per whole cornea [175]. Despite 
their presumably low number, scleral fibroblasts can exert influence over large areas 
of tissue due to their extended cytoplasmic extensions, through which they interact 
with adjacent cells and with the ECM [11].

Scleral fibroblasts maintain and remodel the scleral ECM through the secretion 
of a variety of enzymes, including MMPs and their inhibitors, TIMPs [176]. 
Interactions between cells and matrix are largely mediated by integrins. Integrin 
subunits α1–6, α9–11, αv, β1, β4, β5, and β8 have been identified in the mammalian 
sclera. Besides mediating cell-matrix attachments, integrins also act as powerful 
intermediaries in cellular mechanotransduction pathways, allowing cells to sense 
and respond to mechanical cues from the environment [177]. Scleral fibroblast 
mechanotransduction likely plays a role in the modulation of matrix synthesis and 
scleral remodeling [5]. For example, integrin expression is reduced during myopia 
development, thereby likely decreasing the extent of cell-matrix interaction and 
interfering with the cell’s ability to respond to mechanical cues from the ECM [177].

In vitro and in vivo assessments of scleral creep response suggest that contractile 
fibroblasts, known as myofibroblasts, are key players in the mechanical properties 
of the sclera [164, 178, 179]. For example, tree shrew eyes with experimentally 
increased IOP exhibited an initial lengthening as part of an expected viscoelastic 
response, followed by a shortening of axial length, effectively leading to negative 
creep values. Once the elevated IOP was returned to physiological values, the eyes 
became shorter than they were at the beginning of the study. The entire mechanical 
response occurred in less than an hour, making it highly unlikely that ECM remod-
eling could be the primary driver behind the observed phenomena. Instead, it is 
more probable that the shortening of the eyes was driven by a population of contrac-
tile scleral cells [180]. Myofibroblasts secrete α-smooth muscle actin (α-SMA), a 
highly contractile extracellular matrix protein that allows the cells to respond to and 
relieve imposed tissue stress [179, 180].

Myofibroblasts are usually absent from normal adult tissues throughout the body, 
instead differentiating from fibroblasts as needed under conditions of tissue repair, 
wound healing, and remodeling. However, humans, monkeys, tree shrews, and 
guinea pigs have been shown to possess a resident population of myofibroblasts in 
their sclerae. One possible explanation for the existence of this unusual resident 
population is that it may arise from the constant stress imparted on the sclera by 
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intraocular pressure, as in vitro studies of scleral fibroblasts have demonstrated that 
stress imposed on collagen culture matrices can lead to increased numbers of myo-
fibroblasts [164, 179, 180]. Myofibroblast differentiation may also occur as a result 
of biochemical cues, such as the cytokine transforming growth factor-beta (TGF-β) 
[164, 181]. Recently, it has been shown that scleral fibroblasts from different regions 
of the eye respond differently to imposed strain [178, 182]. Scleral fibroblasts iso-
lated from the scleral periphery exhibited increased proliferation ability when sub-
jected to mechanical strain; this change in proliferation ability was not observed in 
fibroblasts isolated from the peripapillary sclera. Mechanical strain also led to 
increased expression of α-SMA in periphery scleral fibroblasts, but not in peripapil-
lary fibroblasts.

Given their role as matrix modulators and their ability to respond to short- and 
long-term stresses imparted to the eye, scleral fibroblasts—in their native state or as 
differentiated myofibroblasts—play an important part in diseases involving scleral 
remodeling, such as myopia and glaucoma [179, 180].
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Chapter 7
Choroidal Biomechanics

Clemens A. Strohmaier and Herbert A. Reitsamer

 Overview of the Structure and Function of the Choroid

The choroid is the posterior part of the uvea, located between the retina and the 
sclera. It forms a continuous layer starting from the pars plana of the ciliary body 
and extending back to the optic nerve. Most commonly, it is divided in 5 (4–6) sub-
layers (from the retinal side): Bruch’s membrane, the choriocapillaris, two vascular 
layers (Haller’s and Sattler’s) and the suprachoroidal space [1]. Differences in spe-
cies exist and are subtle in many cases, but as far as choroidal biomechanics are 
concerned, for most of these differences there is no evidence of a functional signifi-
cance. One exception is the possible existence of a lymphatic system within the 
human choroid, a subject currently being debated [2, 3].

While choroidal blood flow is amongst the highest in relation to tissue weight, 
the arterio-venous oxygen extraction is low [4]. The seemingly excess blood flow is 
necessary to deliver a sufficient oxygen gradient for diffusion to the inner retinal 
layers, primarily supplying oxygen to and removing metabolic waste of the photo-
receptors [5, 6].

Choroidal blood flow is actively regulated in response to changes of choroidal 
perfusion pressure, primarily by autoregulatory mechanisms [7, 8]. Choroidal per-
fusion pressure can be altered by changes of either intraocular pressure (IOP), arte-
rial pressure or venous pressure. While a broad variety of substances is known to 
alter choroidal blood and its ability for active regulation [9, 10], the role of the 
nervous system supplying the choroid is hardly known.

The innervation of the choroid is complex. While the choroidal vasculature 
receives sympathetic (originating in the superior cervical ganglion), as well as para-
sympathetic (via the pterygopalatine ganglion) innervation, there are also neurons 

C. A. Strohmaier · H. A. Reitsamer (*) 
Ophthalmology/Optometry, Paracelsus Medical University/SALK, Salzburg, Austria

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-64422-2_7&domain=pdf
https://doi.org/10.1007/978-3-030-64422-2_7#DOI


108

within the choroid itself, the so-called intrinsic choroidal neurons [11–13]. Despite 
their discovery some 150 years ago, their functional role is still unknown.

Another puzzling feature of choroidal anatomy are the non-vascular smooth 
muscle cells [14]. Centered on the posterior pole of the eye and more numerous in 
species with foveae, a possible role in emmetropization has been suggested—but 
without functional evidence up to date.

 The Choroid Has a Profound Effect on the Ocular Rigidity

Intraocular pressure arises from aqueous humor production in the ciliary body and 
its outflow against the resistance in the trabecular and uveoscleral pathways [15].

This outflow resistance in combination with the elasticity of the ocular coatings 
is the basis of the ocular pressure—volume relationship established by 
Friedenwald [16]:

 
E IOP1 IOP V V2� � � � ��� �� � �log log /� �2 1

 

E is the ocular rigidity, ΔIOP = IOP1–IOP2 is the change in intraocular pressure, 
ΔV = V1 − V2 is the change in intraocular volume. The equation is the basis for 
ocular tonometry [16] and measurements of pulsatile ocular blood flow [17].

A very important assumption in these deductions is the constancy of ocular rigid-
ity. There is, however, evidence that changes in volume and pressure within the 
ocular vasculature causes changes inocular rigidity. Eisenlohr et al. were the first to 
report a difference in the ocular rigidity between living and dead eyes [18, 19]. 
Arterial blood pressure influences IOP and shifts the ocular pressure volume rela-
tionship and thereby alters ocular rigidity [20]. The choroid comprises most of the 
ocular vascular volume and hence, has the greatest effect on ocular rigidity. The 
following paragraphs summarize choroidal vascular physiology as it relates to cho-
roidal biomechanics.

 Effect of Blood Pressure on Choroidal Biomechanics

As in any tissue of the body, arterial blood pressure drives blood through the choroi-
dal vasculature and the combined resistance of all choroidal vessels cause a pressure 
drop to the venous side of the circulation (i.e. the vortex veins). A major difference 
to most circulations, however, is the compressing force exerted by intraocular pres-
sure (IOP). This causes the choroidal veins to behave as Starling resistors, i.e. main-
taining an intraluminal pressure slightly higher than IOP to prevent them from 
collapsing. Figure 7.1 illustrates the effect of an external compression force on the 
flow and transmural pressure in a vessel [21].
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Thus, the ocular perfusion pressure (i.e. the pressure gradient driving blood flow) 
can be approximated as the difference between mean arterial pressure and intraocu-
lar pressure [22]:

 OPP MAP IOP= –  

This equation has profound implications on choroidal biomechanics, as arterial 
and venous pressure in the choroid determine its elasticity. Figure 7.2 illustrates 
these effects during a constant-rate saline infusion (120 μl/min). The dashed line 
shows the IOP course as predicted by the Friedenwald equation—assuming a con-
stant elasticity of the ocular coatings (i.e., sclera, cornea). The solid line shows the 
actual course of IOP in the eye of a living rabbit. The difference between both lines 
can be attributed to the choroidal blood volume that is expelled as IOP rises. At low 
volume increments—the shallow section of the curve—blood volume from the 
venous side is expelled and at higher IOP values the arteries are compressed. Once 
mean arterial pressure is reached, the choroid is devoid of blood and both curves rise 
at the same rate.

This behavior is dependent on the mean arterial pressure, as would be expected 
from Fig. 7.2. Figure 7.3 shows the effect of arterial blood pressure on ocular 
rigidity curves obtained by intraocular volume increments in a rabbit model [23]. 
The lower panel demonstrates the almost linear increase of ocular rigidity with 

a b c

e f g

Fig. 7.1 Ocular Starling resistor. (a) Vessel flow (F) is a function of the pressure gradient (P1–P2) 
along the vessel divided by the resistance. (b, c) If the vessel passes through an organ (e.g., the eye) 
with a low tissue pressure (e.g., IOP), the pressure inside the vessel exceeds the pressure outside 
the vessel (i.e., the transmural pressure gradient) and so the vessel remains distended. (d, e) If the 
tissue pressure is somewhat higher and exceeds the pressure at the lowest point inside the vessel 
(i.e., at the “venous” end), that region of the vessel will begin to collapse. This will increase the 
resistance to flow in that segment thereby raising the intraluminal pressure until the transmural 
pressure becomes slightly positive again. (f) If the tissue pressure becomes greater than the arterial 
input pressure, the vessel will collapse completely, the resistance will be infinite, and flow through 
the vessel will cease. Reproduced with permission from [21]
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mean arterial blood pressure. While a hydraulic variation of either blood pres-
sure or intraocular pressure over a wide range is obviously not possible in 
humans, the influence of blood pressure on ocular rigidity was shown in humans 
as well [24].

90

80
80

70 70

60 60
50

50
40

4030

3020

20
10

0
0 010 20 30 40 50 60 70

∆ Volume (µl)

0 10020 40 8060
Mean Arterial Pressure (mmHg)

∆ Volume (µl)

In
tr

ao
cu

la
r 

P
re

ss
ur

e 
(m

m
H

g)

In
tr

ao
cu

la
r 

P
re

ss
ur

e 
(m

m
H

g)

4 8 12 16 20 24 28

y = 0.00015X + 0.0034
r = 0.995

0.000

0.005

0.010

0.015

0.020

0.025

R
ig

id
ity

 C
oe

ffi
ci

en
t

Dead

MAP@100

MAP@80

MAP@60

MAP@40

Fig. 7.3 Effect of arterial blood pressure on ocular rigidity determined by intraocular volume 
increments [23]. The top left panel shows the data plotted with IOP uncontrolled, on the top right 
side the IOP was set to 20 mmHg before the start of the experiment (Reproduced with permission)
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 The Interaction Between Venous Pressure, Intraocular Pressure 
and Perfusion Pressure

In contrast to arterial pressure, the relationship between intraocular pressure and 
choroidal venous pressure is poorly understood. There is some evidence suggesting 
that the Starling resistor behavior outlined above may produce non-linear results, 
especially at low IOP values. Maepea was first to note that choroidal venous pres-
sure appears to be significantly higher than IOP at low IOP values [22].

Figure 7.4 shows the author’s own unpublished study on the relationship between 
IOP and choroidal venous pressure (measured through direct cannulation). At IOP 
values in a “normal” range, choroidal venous pressure clearly deviates from the 
assumed 1:1 relationship and thus, perfusion pressure in the choroid is less than 
estimated by the PP = MAP − IOP formula. From a clinical perspective, this is of 
high relevance in normal tension glaucoma, where low (diastolic) blood pressure 
might cause insufficient blood supply of the optic nerve head.

The pressures downstream the choroidal veins are poorly understood as well. 
They are difficult to measure in most species with the exception of rabbits, where a 
foramen in the scull allows direct cannulation [20]. In this model, a linear relation-
ship between orbital venous pressure and mean arterial blood pressure was found 
(Fig. 7.5). Pressure in the venous system may be of high clinical relevance in oph-
thalmology, as the ocular veins at least partly seem to exhibit a passive behavior 
during pressure changes [20, 26]. This implies an effect of elevated thoracic 
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Fig. 7.4 Relationship between intraocular pressure (IOP) and choroidal venous pressure (P cho-
roid). As expected by the Starling resistor effect, choroidal venous pressure slightly exceed intra-
ocular pressure at medium to high IOP values. At lower IOP values, however, choroidal venous 
pressure deviates from this 1:1 relationship significantly, reaching 50% at values below 10 mmHg 
(Author’s own unpublished observation)

7 Choroidal Biomechanics



112

pressure, as it occurs in obstructive sleep apnea syndrome but also in obesity, on the 
ocular circulation. A striking clinical example is the immediate choroidal thickness 
increase during the Valsalva maneuver [27].

 Effect of Arterial Pulse on IOP and Ocular Venous Pressures

The arterial pressure changes during the cardiac cycle cause pulsatile pressure 
changes in the entire ocular circulation. Due to the largest blood volume, they 
exhibit their greatest effect in the choroidal circulation, influencing intraocular pres-
sure as well as venous pressure. Superimposed on the cardiac cycle is the breathing 
rhythm, which influences the intrathoracic pressure. Figure 7.6 shows the effect of 
arterial pulse pressure as well as breathing on IOP, episcleral venous pressure (EVP) 
and orbital venous pressure (OVP).

Changes in choroidal volume can either be estimated directly (commonly via 
interferometry) or its effect on IOP can be measured as an indirect estimate of cho-
roidal blood flow.

The theoretical model behind this estimation requires a set of preconditions: IOP 
needs to be measured with sufficient temporal resolution, the ocular pressure/vol-
ume relationship needs to be known and constant, the outflow of the eye is assumed 
to be constant [28]. As can be seen from the discussion in this chapter, these precon-
ditions are not fulfilled entirely.

Clinically, the ocular pulse amplitude is most commonly measured using a 
dynamic contour tonometer (DCT). DCT is an IOP measurement technique that 
provides a continuous reading of IOP without the need for corneal applanation. 
Besides being less dependent on corneal thickness (as a surrogate marker for 
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corneal biomechanics), its continuous IOP measurement allows the calculation of 
the ocular pulse amplitude over the cardiac cycle [29, 30].

 Future Directions

The present knowledge of choroidal biomechanical properties relies on measure-
ments of surrogate parameters mainly. Future technologies based on OCT may have 
the potential to provide a direct measurement of choroidal volume as well as flow 
and, given sufficient temporal resolution, a measurement of true biomechanical 
properties like elasticity as well [31–33].

Another rapidly developing field is the choroidal involvement in emmetropiza-
tion. The choroid reacts to retinal defocus by changing its thickness in birds and 
humans [34, 35] and thus, a role in emmetropization is plausible. The mechanism 
remains to be elucidated, but one hypothesis involves the active control of choroidal 
thickness by the non-vascular smooth muscle cells mentioned earlier in this chapter 
(reviewed in [36]). Active choroidal thickness control is of high clinical relevance, 
not only related to the prevention of myopia but also with regard to entities like 
choroidal effusion syndrome, which is poorly understood.
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Chapter 8
Biomechanics of the Lens 
and Hydrodynamics of Accommodation

Daniel B. Goldberg

Age-related changes occur in all ocular tissues [1]: “The cornea flattens and there is 
an attrition of endothelial cells. The shape of the trabecular meshwork changes and 
there is a loss of trabecular endothelium. The lens grows and becomes cataractous. 
The ciliary body becomes collagenized, there are choroidal vascular changes, and 
Bruch’s membrane thickens. Retinal vessels become hyalinized and there is a loss 
of rods before cones in the macula. RPE morphometric changes occur with aging. 
The vitreous becomes liquefied and there is a loss of vitreous compartmentalization. 
The sclera becomes rigid and may become calcified. The optic nerve exhibits struc-
tural changes with age.”

Detorakis and Pallikaris [2] have developed a useful technique to measure ocular 
rigidity and have shown that ocular rigidity increases with age and can be correlated 
with the loss of accommodative function and the progression of presbyopia in nor-
mal eyes, and also contributes to common age-related eye diseases including glau-
coma and age-related macular degeneration. With age, there is an increase in ocular 
rigidity with resulting changes in material properties, changes in anatomic relation-
ships, and degradation of healthy connective tissue.

Understanding the mechanism of accommodation and the changes in ocular 
structure which lead to presbyopia will ultimately lead to more effective treatments 
for presbyopia. Glasser and Campbell [3, 4] have concluded that aging changes in 
the lens are almost entirely responsible for the development of presbyopia, however, 
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more recently, accommodation has been described as a complex biomechanical sys-
tem, having both lenticular and extralenticular components, and we will present 
evidence that presbyopia occurs due to age-related changes in both lenticular and 
extra-lenticular structures.

Twenty-first century imaging with UBM and OCT along with new knowledge of 
the anatomy and movements of the accommodating structures of the eye [4–8] has 
enabled a computer-animated model to demonstrate all accommodating structures 
moving synchronously through the accommodative cycle [9, 10]. Using model- 
based cognitive thinking, the mechanism of accommodation can now be demon-
strated and explained without relying on theory, and the factors contributing to 
presbyopia can be demonstrated. In this chapter, we will demonstrate the mecha-
nism of accommodation and consider the biomechanics of the lens and extra- 
lenticular structures as well as the hydrodynamics of the aqueous and vitreous.

 The Mechanism of Accommodation

The computer-animated model of accommodation (CAMA 2.0) [10] is shown in 
Fig. 8.1 in accommodation and dis-accommodation, and the animated digital file 
can be viewed in Video 8.1. The changes in shape and position of all anatomic ele-
ments are shown, demonstrating how the structures interconnect and function as a 
unit. The anatomic representation shows the configuration and movement of all 
zonular elements as well as the anterior hyaloid membrane and Weiger ligament.

Accommodation results in a dioptric change in the optical power of the lens due 
to an increase in the lens thickness, and steepening of the curvature of the anterior 
and posterior capsule of the lens. As many investigators have noted, the architecture 
of the zonular fibers determines the way the forces of ciliary muscle contraction are 
distributed. There are 6 zonular pathways (see Fig. 8.2) which can be divided into 3 
groups based on structure and function. During accommodation, the anterior zonule 

Fig. 8.1 Computer-animated model of accommodation showing structures in accommodation 
(right side) and dis-accommodation (left side). (Video 8.1 Animated digital file). https://doi.
org/10.1007/000-2a8
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(Zinn) loses tension due to the anterior and centripetal movement of the ciliary 
body, allowing the lens to ‘round-up’ due to the intrinsic elasticity of the lens and 
lens capsule. In disaccommodation, the ciliary body relaxation and return to resting 
position results in tension on the anterior zonular fibers, with flattening of the lens 
and loss of accommodative effect. The anterior zonule (composed of anterior and 
posterior tines, plus equatorial fibers) are the first zonular group and their function 
is tension and release on the lens. The second division of the zonule are the crossing 
zonules including the anterior vitreous zonule (shown in yellow in Fig. 8.2), and the 
recently discovered PIZ-LE zonule (posterior insertion zone to lens equator zonule- 
shown in purple in Fig. 8.2). Along with the Weiger ligament, the crossing zonular 
fibers cradle, shape and stabilize the lens and vitreous—maintaining the lens in it’s 
position in the central fossa formed by the anterior vitreous membrane. The cross-
ing zonules prevent outside forces from displacing the lens while at the same time 
the anterior and posterior zonules work reciprocally to keep focused vision. The 
primary function of the crossing zonule is to support the lens. In addition, from the 
model (Fig. 8.1 and Video 8.1) it appears that the ciliary muscle contraction causes 
angular rotation of the anterior vitreous zonule which likely helps to shape the lens 
as it rounds up during accommodation. The third functional group of zonular fibers 
are the posterior zonular fibers, which include the intermediate vitreous zonule 
(shown in red), the posterior vitreous zonule (shown in gray), and the pars plana 
zonule (shown in green). The posterior zonule anchors the ciliary body and extends 
posteriorly at the posterior insertion zone to attach to the elastic foundation in 
Bruch’s membrane and peripheral choroid. When the ciliary muscle contracts, the 
posterior zonular fibers, attached to the elastic elements of the choroid, stretch and 
store energy for disaccommodation. When the ciliary muscle relaxes, the elastic 
fibers of the choroid pull the posterior zonular fibers and the ciliary body posteri-
orly. As the ciliary body moves posteriorly, the anterior zonules stretch and flatten 
the lens. The posterior vitreous zonule is a sponge-like structure at the vitreous base 
with obliquely crossing fibers forming a network capable of dampening the forces 
of accommodation and preventing trauma to the peripheral retina, as suggested by 
Lutjen-Drecoll et al. [5] As a group, the posterior zonular fibers, in concert with the 
anterior zonular fibers, create the reciprocal zonular action that occurs during the 

Fig. 8.2 Six zonular 
pathways, Weiger ligament, 
and anterior vitreous 
membrane. Anterior zonule 
(blue), Anterior vitreous 
zonule (yellow), Intermediate 
vitreous zonule (red), 
Posterior vitreous zonule 
(gray), Pars plana zonule 
(green), Posterior insertion 
zone to lens equator zonule 
(purple), Weiger 
ligament (white)
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accommodative cycle. The posterior zonular fibers transfer tension and release from 
the ciliary muscle to the elastic foundation in the choroid.

Perhaps the major reason that the mechanics of accommodation was not under-
stood until recently is recognizing that disaccommodation occurs due to stored 
energy in Bruch’s elastic foundation in the choroid. This elastic structure surrounds 
the vitreous and conforms to the inner form of the sclera in the shape of a circum-
ferential girdle posterior to the ora serrata. Muscle movements throughout the body 
involve sets of agonist and antagonist muscles to achieve back and forth move-
ments. In the case of accommodation, there is only one muscle moving—the ciliary 
muscle, and the muscle acts by releasing tension on the lens during accommodation 
while stretching the elastic foundation in the choroid to store energy for disaccom-
modation. Thus, the accommodative system functions with one muscle providing 
tension and release to 2 opposing elastic structures. During disaccommodation, the 
elastic tension in the choroid pulls the posterior zonule and ciliary muscle back to 
the resting position. Since this physiology is unique, the mystery of accommodation 
was elusive.

In 2013, Croft [6, 7] showed the dynamic movement of the choroid and retina, 
and demonstrated that the stretch and movement of the tissues extends at least to 
4.0–7.0 mm posterior to the ora serrata. Further studies [11] using optical coherence 
reflectometry showed that the choroidal stretch and thinning extends to the fovea at 
the back of the eye and that axial elongation occurs during accommodation [12]. 
Thus, accommodation causes changes in all elements of the uveal tract from the iris/
pupil to the sub-foveal choroid.

Croft et al. [7] demonstrated scleral deformation of the outer limbus in the nasal 
quadrant during accommodation. In addition, inward bowing of the sclera in this 
region occurs with age. These changes indicate traction in the area of the limbus 
overlying the scleral spur where the ciliary muscle and uveal tract are anchored to 
the sclera. In 2013, Ni et al. [13] demonstrated changes in corneal volume, curva-
ture, and corneal high order aberrations with accommodation. Thus, the movements 
of accommodation also cause changes in the sclera and cornea, the outer tunic of 
the globe.

 Biomechanics of the Lens

Accommodative changes in the lens account almost entirely for the increased diop-
tric power of the eye during accommodation. The lens thickness increases, and the 
anterior and posterior capsule curvature increases. Fincham [14] demonstrated that 
the elasticity of the lens and lens capsule enables the lens to round up during accom-
modation when ciliary muscle contraction results in relaxation of tension in the 
anterior zonular fibers. During disaccommodation, the increasing tension of the 
anterior zonular fibers pull outward on the capsule to flatten the lens. The lens diam-
eter does not increase with accommodation or age [15, 16]. This finding refutes the 
Schachar theory.
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Fincham [14] demonstrated that the lens capsule is comprised of variable thick-
ness with the capsule thickest at the mid-peripheral anterior surface and thinner 
towards the lens equatorial region with a posterior peripheral thickening but thin-
nest at the posterior pole of the lens. The lens capsule is a thin, transparent, elastic 
membrane. During accommodation the tension of the anterior zonule is reduced, 
which then enables the lens to ‘round up’ due to the intrinsic elasticity of the lens 
capsule. The variable thickness of the capsule when zonular tension is released 
determines the accommodative shape of the lens. Experimentally, when the lens is 
isolated from the zonule, the lens shape changes to the accommodative shape due to 
the effect of the elastic lens capsule and its varying regional thickness. When the 
lens capsule is removed, the lens substance takes on an unaccommodative shape, 
indicating that the elasticity and shape of the lens capsule is the driving force for 
accommodative lens shape change when zonular stretch is released. With age, the 
lens capsule thickens, and loses elasticity.

The lens substance consists of lens fiber cells composing the lens nucleus and 
cortex. Beneath the capsule is a layer of lens epithelial cells, and the deeper layers 
of lens epithelial cells differentiate to become lens fiber cells. This process contin-
ues throughout life, and results in lens thickness increasing with age, along with an 
increase in the anterior surface and posterior surface curvatures, but without increase 
in the lens diameter with age [17]. Since the aging lens increases in thickness and 
capsule curvatures, the lens power might be expected to increase and result in myo-
pic progression with age; however, there is a gradual age-related decrease in the 
refractive index of the lens which accounts for this ‘lens paradox’ [18].

In addition to shape changes with age, the human lens loses elasticity, and len-
ticular rigidity and stiffness increases until ultimately the lens is unable to undergo 
optical change even when the ciliary muscle is still capable of contraction.

 Hydrodynamics of Accommodation

By modeling the aqueous and vitreous spaces, we can add to our understanding of 
the hydrodynamics of accommodation. Figure 8.3 and Video 8.2 demonstrates the 
accommodative movements.

The aqueous space includes both anterior and posterior chambers. During accom-
modation, the anterior chamber shallows centrally as the lens moves anteriorly, and 
deepens peripherally as the peripheral iris bends posteriorly. This iris configuration 
has been clearly demonstrated with video ultrasound biomicroscopy [10]. At the 
onset of accommodation, the lens moves anteriorly and contacts the posterior iris 
centrally which may obstruct aqueous flow from posterior to anterior chamber dur-
ing the accommodative phase. During the later phase of accommodation, the ante-
rior chamber deepens peripherally, and increases the force pressing the iris against 
the anterior lens capsule. At the same time, the ciliary muscle contraction stretches 
the scleral spur and facilitates the outflow of aqueous thru the trabecular meshwork. 
Aqueous is continuously produced in the posterior chamber by the ciliary processes 
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at a rate of approximately 2.5 μL/min. “During disaccommodation, the lens moves 
posteriorly and the iris returns to the resting position, and during this phase of the 
accommodative cycle the aqueous inflow can replenish the anterior chamber vol-
ume”. During ciliary muscle contraction, the insertion of the ciliary muscle into the 
scleral spur and adjacent trabecular meshwork results in stretching the trabecular 
meshwork and enhancing aqueous outflow. This supports the pumping model for 
trabecular outflow [19] in contrast to static resistance. Other sources of pulsatile 
flow include the systole of the cardiac cycle, as well as blinking and extraocular 
muscle movement. Further, the reduction of accommodative movement with age 
may contribute to a reduced outflow of aqueous with age thereby contributing to the 
occurrence of glaucoma with age. Through the accommodative cycle, aqueous pro-
duction and drainage are in equilibrium; however, there may be a relative pupillary 
block during the accommodative phase resulting in net outflow in the anterior cham-
ber during the accommodative phase and net inflow in the posterior chamber during 
the accommodative phase. During disaccommodation, the flow from posterior to 
anterior chamber is able to replenish the anterior chamber volume. Also, there is a 
convection flow of aqueous in the anterior chamber—downward close to the cornea 
where the temperature is cooler, and upward near the lens where the temperature is 
warmer [20].

The movement of aqueous in the posterior chamber has been beautifully demon-
strated by Croft et al [6, 7] with endoscopy using triamcinolone particles. At the 
same time that aqueous is moving posteriorly through the circumlental space into 
the anterior hyaloid cleft, the anterior hyaloid in the region between the Weiger liga-
ment, and the peripheral shoulder of the vitreous bows backwards (Video 8.2). This 
is evidence that the hydraulic pressure in the posterior aqueous space overcomes the 
hydraulic pressure in the vitreous space. This is contrary to the Coleman theory of 
accommodation which posits that vitreous pressure presses the lens and anterior 
hyaloid forward. Croft and Kaufman [7] also showed that the portion of the hyaloid 
membrane that was adjacent to, and interconnected with, the intermediate vitreous 
zonule up to the anterior hyaloid cleft also was pulled forward. The accommodative 

Fig. 8.3 Hydrodynamics of aqueous and vitreous space—early phase of accommodation. (Video 
8.2 Accommodative movements). https://doi.org/10.1007/000-2a7
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forward movement of this portion of the vitreous membrane pulls forward much of 
the neighboring inner vitreous near and posterior to the region of the ora serrata. 
Axially, the posterior lens capsule moves posteriorly during accommodation, result-
ing in posterior movement of the vitreous in this area behind Berger’s space. There 
may be an additional effect of the aqueous movement in the posterior chamber dur-
ing ciliary muscle contraction since the movement of aqueous into the hyaloid cleft 
may facilitate the rounding up of the lens in addition to the effect of the elastic lens 
capsule, and the angular rotation of the anterior vitreous zonule which occur at the 
same time.

The documented movements within the vitreous space include the posterior 
movement of the axial vitreous due to the posterior displacement of the lens during 
accommodation, and the anterior movement of the peripheral anterior vitreous adja-
cent to the posterior zonule. This peripheral anterior movement of the vitreous 
membrane is due to attachments of the intermediate vitreous zonule to the periph-
eral hyaloid. Worst [21] has demonstrated a cisternal anatomy of the vitreous body. 
It is possible that the cisternal anatomy of the vitreous body directs the flow; how-
ever, further study of vitreous movements during accommodation is needed, espe-
cially to document the movement of posterior vitreous. Croft et  al. [22] have 
suggested that the posterior fluid movement in the vitreous may extend to the optic 
nerve head and may be implicated in the pathogenesis of glaucoma.

The catenary/hydraulic theory of Coleman [23, 24] and Coleman and Fish [25] 
is based on measurement of vitreous pressure spikes in sequence with ciliary muscle 
contraction. However, the posterior movement of the anterior hyaloid membrane 
during accommodation, and the posterior movement of the capsule following ECCE 
[26] demonstrate that the aqueous pressure during accommodation is higher than 
the vitreous pressure, and that the findings of vitreous pressure spike by Coleman 
have been misleading. It seems possible that the experimental model of vitreous 
pressure measurement utilizing a needle penetrating the sclera and choroid with the 
tip in the vitreous may represent detection of pressure in the elastic Bruch’s mem-
brane rather than in the vitreous. Regardless, the vitreous consists of a transparent 
gel without contractile elements, and is contained within the hyaloid membrane. 
The movements within the vitreous are secondary to movement of surrounding 
structures e.g. the lens, ciliary body, and aqueous (higher hydraulic pressure in 
aqueous causes anterior hyaloid to bow backwards). The vitreous is a visco-elastic 
structure which contains 99% water, and which contains properties of both fluids 
and elastic tissues. Viscoelastic tissues can deform under stress and return to their 
original form. With stress, viscoelastic materials can rearrange to accommodate the 
stress (this is called creep), and following stress, the viscoelastic returns to its origi-
nal shape. Certainly, the vitreous provides support for the lens, and the hydraulic 
interactions of the lens and vitreous are subject to physical properties of viscoelastic 
tissue contained in elastic membranes, similar to the Coleman model of 2 fluid filled 
balloons one on top of the other as occurs in the eye with the lens located directly 
anterior to and attached by the Weiger ligament to the central fossa of the anterior 
hyaloid.
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Further, the elastic foundation in Bruch’s membrane stretches in the anterior- 
posterior direction due to the traction of the posterior zonule which pulls the choroid 
and retina anteriorly with ciliary muscle contraction. The forward movement at the 
ora serrata is approximately 1 mm, and is proportional to the anterior movement of 
the ciliary apex, and the accommodative change in the lens [8]. Since the vitreous 
posterior to the anterior hyaloid membrane is surrounded by and shaped by the 
sclera, there could be a fractional vector of force acting on the vitreous anterior to 
the equator consisting of anterior and centripetal vectors. This may facilitate the 
accommodative movement of the vitreous.

 Presbyopia

The presbyopic eye demonstrates thickening and stiffening of lens and capsule with 
steepening of the anterior capsule curvature; also, the lens equator moves forward 
with age and the insertion of the anterior zonules moves anteriorly with on the lens 
capsule. The presbyopic lens fails to flatten in disaccommodation and, compared to 
that of the normal 25-year-old, the presbyopic lens is almost frozen in a thicker 
state. It should also be noted that the anterior movement of the ora serrata is mark-
edly reduced in presbyopia, which is related to the loss of elasticity in the ciliary 
body and choroid. Lenticular sclerosis and lens stiffness increase with age, ulti-
mately causing complete loss of the ability of the lens to undergo accommodative 
change in optical power. As per Croft et  al. [6] and Richdale et  al. [7] there are 
proportionate reductions in lenticular accommodation, ciliary apex movement, and 
movement of the ora serrata. The ciliary muscle retains the ability to contract and to 
undergo accommodative movement in the presbyopic eye, whereas presbyopia 
results ultimately in the complete loss in accommodative ability in the lens. There is 
an increase in ocular rigidity and loss of elasticity with age that effects all ocular 
tissues. The model does not demonstrate that the changes in the lens and lens cap-
sule determine the stage of presbyopia, exclusively. It is evident that the aging of the 
extralenticular structures, including the ciliary body and elastic foundation in the 
choroid is also a major factor causing presbyopia. The ciliary muscle undergoes 
degenerative changes, but maintains its ability to contract long after the lens stops 
accommodating. A model of a 75 year-old presbyope would show residual ciliary 
muscle movements while the accommodative movements of the lens and ora serrata 
has stopped. This is evidence that age-related changes in the lens, and in the elastic 
foundation in the choroid, are both contributing to the restriction of accommodative 
movement with age.

In regard to the etiology of presbyopia, there are strong arguments that aging of 
the lens, including thickening of lens capsule with loss of capsular elasticity, and 
growth and hardening of the lens nucleus are paramount. However, the proportional 
loss of movement of the ora serrata and elastic foundation in the choroid are evi-
dence that both lenticular and extra-lenticular elements develop ocular rigidity and 
loss of elasticity, and deterioration of function. Further research is needed to 
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determine the relative contributions of each restrictive element (lens, choroid, zon-
ules and ciliary muscle). This knowledge will help guide the development of future 
therapeutic treatments for presbyopia. For example, there may be separate benefits 
from treatments to reverse lenticular sclerosis, such as femtosecond laser lens soft-
ening, and from treatments to compensate for loss of choroidal elasticity, such as 
scleral laser or scleral implants. Or, possibly, there will be a pharmacologic agent to 
reverse the loss of elasticity in both the lens and the choroidal foundation for accom-
modation. Most promising would be development of better accommodating IOLs 
based on our improved understanding of the biomechanics of accommodation.
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Chapter 9
Influence of Ocular Rigidity and Ocular 
Biomechanics on the Pathogenesis  
of Age- Related Presbyopia

Ann Marie Hipsley and Brad Hall

Biomechanics is the study of the relationship between the mechanical laws relating 
to the movement and structure of living systems. The application of biomechanics 
principles play a critical role in understanding the forces and function of mecha-
nisms inside of the living body. Over the past decade there has been a growing body 
of literature in ocular biomechanics regarding the importance of characterizing ocu-
lar tissue properties for clinical applications. Ocular biomechanics is an emerging 
field of study and there have been significant advances in translational biomechani-
cal strategies in ophthalmology to establish more effective treatment and manage-
ment solutions for ophthalmic diseases and conditions of the eye such as glaucoma, 
myopia, and keratoconus [1]. Models for the anterior globe are emerging but pub-
lished literature in this area are scant. Most of these efforts have focused on the 
characterization of the posterior scleral globe [2–6]. More recently, however, the 
biomechanical behavior of the sclera as it relates to the correlation between the 
progressive increase in biomechanical stiffness and concomitant loss of visual 
accommodation has been investigated. In one study, relationships between ocular 
stiffness and accommodative ability were explored in the anterior globe through 
age-matched crosslinking porcine eyes ex vivo [7]. Scleral crosslinking was per-
formed chemically using 2% glutaraldehyde and ocular rigidity was measured indi-
vidually for each eye with a custom measurement system. Chemically crosslinking 
the porcine sclera significantly increased ocular rigidity compared to non- crosslinked 
controls, and both crosslinked and non-crosslinked eyes correlated well with the 
ocular rigidities observed in 30- and 60-year old human eyes. Using a novel laser 
scleral therapy, the authors were able to reduce the ocular rigidity by changing the 
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viscoelastic modulus of the scleral tissue in both the crosslinked and non- crosslinked 
eyes, demonstrating that ocular rigidity and age-related biomechanical dysfunction 
can be reversed.

There are complex biomechanics involved in the accommodation mechanism in 
order to achieve an “on demand” change of the shape of the lens to see at various 
distances [8]. When viewing a far object the ciliary muscle is relaxed and the ante-
rior zonules, which are under tension, stretch the lens into a flatter shape [9]. 
Conversely, to view a near object, the ciliary muscle contracts, releasing tension on 
the anterior zonules, releasing tension on the lens and allowing the material proper-
ties of the lens to return its more natural convex shape [9, 10]. Goldberg described 
this biomechanical relationship of the zonular tension on the lens as reciprocal 
zonular function [11]. Accommodation has traditionally been described as the abil-
ity of the crystalline lens of the eye to change dioptric power dynamically to see 
objects clearly when changing focus from far to near [12]. However, the accommo-
dative mechanism is much more complex, and involves both lenticular and extralen-
ticular components [11, 13–19]. The lens, lens capsule, zonules, ciliary muscle, 
sclera, and the choroid all have significant biomechanical roles in the accommoda-
tive mechanism [11, 13–22]. There are numerous lenticular and extralenticular 
changes that decrease accommodative ability and lead to presbyopia with age [14, 
15, 20, 23–28].

An understanding of biomechanics is particularly useful to understand the com-
plexity of accommodative function as well as the biomechanical dysfunction that 
occurs with age-related eye diseases (glaucoma, AMD) and myopia [29, 30]. Age- 
related changes in the crystalline lens have long been understood and reported [31–
34]. Recent endeavors, however, have demonstrated how stiffening of all ocular 
tissues manifest in presbyopia [16, 29]. This research has gleaned more evidence 
that age-related changes in the biomechanical properties of extralenticular struc-
tures are correlated with a clinically significant loss of accommodation such as ocu-
lar rigidity, geometric changes in the zonular apparatus, and loss of elasticity in the 
choroid [16, 29]. These new findings have changed our understanding of how the 
accommodation mechanism works together with optical demands and has opened 
up new ideas to restore this function in the eye rather than the previous monolithic 
paradigms of refractive corrections either in the cornea or the lens.

 Biomechanics of the Lens

The crystalline lens is the part of the eye which acts as a zooming lens to change 
focus at various distances. The average crystalline lens has an optical power of 20 D 
[35]. The outermost part of the ocular lens is known as the lens capsule. It is a mem-
brane comprised of mostly type IV collagen by weight and surrounds the lens like a 
transparent envelope [36]. Inside this envelope (lens capsule) are the lens cortex and 
the lens nucleus (most internal). The lens cortex and lens nucleus are made up of 
fiber cells arranged in annular layers, which contains mostly alpha, beta, and gamma 
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crystalline proteins and provide unique biomechanical properties to the lens [37]. 
Fischer observed that the modulus of elasticity of a young human lens is 750 N/m2 
anterior to posterior and 850 N/m2 equatorially, making the crystalline lens a suit-
able material capable of being molded into shape by the forces of the ciliary mus-
cles [38]. The forces of the ciliary muscle are transmitted to the lens via the anterior 
zonules and the lens capsule. The lens capsule can more easily mold an elastic 
substance, such as a rubber ball (1.5 × 106 N/m2), versus a stiffer substance, such as 
a ball made of cast iron (1.65 × 1011 N/m2) [39]. Thus the lens capsule is a crucial 
part of the accommodative mechanism since the shape of the lens directly affects 
the power of the lens. Equation 9.1 demonstrates the calculation for central optical 
power (COP), where n1 and na are the refractive indices for the lens and the aqueous 
and vitreous respectively, ra and rp are the radii of curvature for the anterior and 
posterior lens surfaces respectively, and t is the central lens thickness [40].
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The zonular apparatus maintains a “pre-stretch” tension on the crystalline lens 
when it is in the state of disaccommodation for viewing distant objects. The forces 
of the ciliary muscle relieve this zonular tension to allow the lens to change shape 
in order to focus on near objects at various distances [9]. During accommodation as 
the lens adapts its more natural convex shape, the lens thickness increases by 
approximately 0.043–0.085 mm per diopter of accommodation (Fig. 9.1) [13, 41–
47]. The forces produced by the ciliary muscles (circular, longitudinal, radial) 
increase lens thickness during accommodation which directly increases the COP of 
the lens (Eq. 9.1). There is also a corresponding decrease in the radii of curvature of 
the anterior and posterior surfaces, which further increases the COP of the lens 
(Eq. 9.1) [27, 28]. The equatorial diameter of the lens decreases by 0.07–1.12 mm 
per diopter during accommodation, corresponding with the increase in lens thick-
ness [13, 24, 48]. This has been quantified by measurements taken with ocular 
coherence tomography (OCT) and magnetic resonance imaging (MRI). Moreover, 
some studies have also shown that the anterior lens surface moves anteriorly and the 
posterior surface moves slightly posteriorly during accommodation [27, 49–51], 
corresponding with concomitant changes in lens thickness and anterior and poste-
rior radii of curvature during accommodation. This leads to a further increase in the 
optical power of the lens. All of the biomechanical mechanisms involved in 

a b

Fig. 9.1 Computer-animated model of the accommodative mechanism when viewing an object at 
a far and b near
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accommodation are precisely designed in order to allow the crystalline lens to be 
very specifically modulated for clear vision at all distances allowing perfect ‘on 
demand’ vision at every possible focal point from an average of 10 cm to infin-
ity [52].

 Age-Related Changes in the Biomechanics of the Lens

The crystalline lens is not static and undergoes numerous biomechanical changes 
with age that affect both the disaccommodated and the accommodated lens. The 
crystalline lens yellows with increasing age [53]. The lens capsular elasticity 
increases with increasing age [54]. However, the lens stiffens with age, having an 
elastic modules 3 times that of a young lens at 3000 N/m2 anterior to posterior and 
equatorially [10]. The change in stiffness is more pronounced in the lens nucleus 
compared to the lens cortex [55]. A stiffer lens is more resistant to the forces gener-
ated by the ciliary muscle and less deformable by the lens capsule [56]. These age- 
related changes create biomechanical dysfunctions which lead to decreased 
efficiency of the accommodation mechanism and therefore decreased resultant COP 
of the lens during accommodation. The overall weight of the lens has also been 
shown to increase by 150% with age [57], which can impact the accommodative 
system from a force exertion standpoint as the larger lens weight is more difficult to 
move. Furthermore, the lens cortex continues to grow with age [33], which can 
affect lens thickness. There is compelling evidence that supports the claim that the 
age-related increase in both anterior/posterior (AP) thickness and lens equatorial 
diameter during the disaccommodated state affect the capabilities of the ciliary 
muscles to impose forces on the accommodation apparatus to impact the COP 
power of the lens [13, 14, 24, 31, 58–60]. Continuous growth of the lens cortex 
reduces circumlental space and causes the anterior zonules to be positioned in a 
more slackened state thereby disallowing the lens to return to its fully disaccom-
modated state wherein the anterior zonules would be in a more ideal biomechanical 
“pre-stretch” tensile state [14]. This reduces not only the available range of motion 
for the lens to move upon demand of the ciliary muscles, but it effectively reduces 
the potential energy of the neuromuscular system involved in the accommodative 
reflex and therefore reduces the resultant dynamic accommodation potential [14, 
24, 34]. Additionally, growth of the lens cortex can diverge the insertions of the 
anterior zonules on the lens, which may reduce their disaccommodated tension, 
further affecting accommodative potential [61–63]. There is also an additional 
increase in the radii of curvature during accommodation for the anterior and poste-
rior lens surfaces with age, which decreases the potential COP of the lens [13, 31, 
58, 64, 65].

It is interesting to note that the lens equatorial diameter and anterior/posterior 
lens thickness which occur during accommodation are unaffected by increasing age 
[13, 41, 44]. Therefore, this should be an indication that despite the numerous bio-
mechanical changes in the lens with age the lens could still have enough capability 
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to change COP to see clearly at near if there were no age-related dysfunctions in 
extralenticular components of accommodation. Therefore, both lenticular and 
extralenticular components must be considered together in order to fully understand 
the impact that biomechanical functions have on the ability of the accommodative 
mechanism to change COP in conjunction with the optical and visuals functions 
involved in achieving clear quality binocular vision at various distances.

 Ocular Rigidity and Presbyopia

Presbyopia literally means ‘old eye’ [12] and it has traditionally been used inter-
changeably with accommodation loss. However, it should be emphasized that 
accommodation loss is just one clinical manifestation of the consequences of an 
aging (or presbyopic) eye. There are numerous changes to the lens and surrounding 
tissues with increasing age, which may contribute to accommodation loss (Fig. 9.2). 
Age-related changes in the vitreous membrane, peripheral choroid, sclera, ciliary 
muscle, and zonules have been reported and could influence the loss of accommoda-
tive ability with age [13–15, 19]. Indeed, the amount of accommodation lost with 
age, which is related to extralenticular factors (primarily the zonules, choroid, and 
sclera) have only been relatively recently investigated [66, 67]. The ciliary muscle 
is responsible not only for the efficiency of the visual accommodative system but 
plays a critical role in aqueous hydrodynamics (outflow/inflow, pH regulation, and 
IOP) [68–70]. The ciliary muscle is comprised of smooth muscle which is oriented 
in a complex architecture and involves three different fiber directions, circular, 
radial, and longitudinal [71]. The innermost region is Müller’s muscle (circular 
muscle), which has fibers oriented in a circular direction who’s contraction lowers 
tension on the anterior zonules [71]. The outermost region is Brücke’s muscle (lon-
gitudinal muscle), which has fibers oriented in a longitudinal direction and who’s 
contraction pulls forward the choroid [71]. In between the circular and longitudinal 
fibres is the radial muscle, which has fibres oriented in a radial direction and who’s 
contraction pulls forward the ciliary muscle [71]. With age, the longitudinal and 
radial muscles decrease in size while the circular muscle increase in size, but these 
changes do not appear to affect the contractile force generated by the ciliary muscle 
[24, 72–74].

One of the phenomena that can be measured to evaluate accommodative capabil-
ity is the change in the distance between the scleral spur and the ora serrata. During 
accommodation, the ciliary muscle movement pulls the ora serrata upward and 
inward toward the scleral spur demonstrating the muscle contraction and the ability 
of the ciliary muscles to impose fine-tuned resultant forces on the lens to allow 
accommodation. There is a notable decrease in this distance with age by approxi-
mately 85% [14]. Another important biomechanical role in the extralenticular anat-
omy is the function of the posterior insertion zone-to-lens equator zonules 
(PIZ-INS-LE) [15]. Croft et al. identified an attachment zone (posterior insertion 
zone) of the PIZ-INS-LE, intermediate and posterior vitreous zonules, and the pars 
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plana zonules adjacent to the ora serrata by utilizing UBM of the anterior segment. 
As the choroid stiffens with age, the forces from the longitudinal muscle, which 
support the upward inward thrust on the lens, become dampened. This is thought to 
be the etiology of the decrease in the excursion of the ciliary muscle from the ora 
serrata to the scleral spur which occurs in young healthy eye accommodation [16]. 
Croft et al. measured the changes in the distance between two landmarks (sclera 
spur & ora serrata), correlated to COP, and found that 0.1 mm of movement has 
been is equated to 1 D of COP [14].

a b

c d

Fig. 9.2 Computer-animated model of the accommodative mechanism when viewing an object 
with (a) normal eye at far and (b) presbyopic eye at far (c) normal eye at near and (d) presbyopic 
eye at near
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There is also a complex action and biomechanical relationship of the zonules 
which is suspected to be reciprocal, as described by Goldberg [11]. For example, 
while the anterior zonules are relaxed, they reduce their tension on the lens such that 
the lens changes shape anteriorly. Accordingly, the posterior zonules are tensioned, 
moving the posterior capsule backward [16]. In addition the vitreal-zonular com-
plex stiffens with age, losing its elasticity or ability to efficiently manage the force 
translation from the ciliary muscles to the lens [29, 66, 67, 75]. Moreover, the cho-
roid and ciliary muscle could be considered to have an agonist/synergist relation-
ship during accommodation and disaccommodation in the young eye. The ciliary 
muscle forces are supported by the elastic choroid mechanism during accommoda-
tion which stores energy to recoil the system back to disaccommodation. However, 
in the ageing eye the choroid stiffens which now dampens the ciliary muscle forces 
for accommodation and disaccommodation becomes an antagonist to this move-
ment in an older eye [76]. It is also now known that the sclera becomes less deform-
able during accommodation in the nasal area with age due to ocular rigidity. This 
creates an additional antagonistic force to accommodation which further impacts 
the ciliary muscle biomechanical efficiency to translate forces to the lens therefore 
resulting in decreased COP capability.

 Influence of Ocular Rigidity on Loss of Accommodative Ability

Increases in ocular rigidity or “stiffness” of the sclera and the cornea have been cor-
related with increasing age, lending support to the idea that presbyopia and ocular 
rigidity share a common biomechanical factor [29, 67]. Ocular rigidity may lead to 
accommodation loss in presbyopia by impacting the biomechanical relationships 
and functions of the accommodation complex [75, 77, 78]. Ocular rigidity may also 
decrease the ability of the structures of the eye to return from an accommodated to 
a disaccommodated state by affecting the elastic recoil of the choroid [11, 67, 79]. 
This creates an important biomechanical dysfunction since the lens posture is never 
able to fully accommodate therefore losing capability for “pre-stretch” zonular ten-
sion and lens shape change.

The sclera is made up of dense irregular connective tissue including collagen 
(50–75%), elastin (2–5%), and proteoglycans [80], and has an elastic modulus of 
approximately 1.61 × 106 N/m2 [79, 81]. Age has a distinct effect on all connective 
tissues including those in the sclera. With age, the connective tissue in the sclera 
begins to crosslink and form bonds between the protein chains. These crosslinks 
decrease the elasticity of the connective tissues and stiffen the sclera, increasing the 
elastic modulus to approximately 2.85 × 106 N/m2 [79, 81]. This ‘sclerosclerosis’ 
[82], as well as a concomitant increase in metabolic physiological stress, creates the 
cycle of pathophysiology related to the aging sclera which becomes less compliant 
when subjected to forces, such as contraction of the ciliary muscle. The biome-
chanical dysfunction becomes a vicious cycle resulting in less accommodative 
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efficiency as well as the potential of disruption of other physiological functions of 
the eye organ which lie beneath the scleral coat.

Chronic stress that exceeds the healing ability of tissues can lead to chronic 
inflammation and eventual cell death, which technically describes the pathophysiol-
ogy of aging [83]. The underlying factors of the change in the scleral material prop-
erties which leads to the loss of scleral compliance may include age-related and 
race-related increases in collagen crosslinks, along with loss of elastin-driven recoil, 
and/or collagen microarchitectural changed [84]. As this pathophysiology pro-
gresses, the sclera may exert compression and loading stresses on underlying struc-
tures, creating further biomechanical dysfunction, specifically those related to 
accommodation which affects not only visual accommodation but other physiologi-
cal functions of the eye organ [85].

Age-related material property and architectural changes within the sclera also 
affect the mobility of connective tissues of the scleral fibers, directly leading to the 
loss of compliance. This causes a decrease in the normal maintenance and turnover 
of proteoglycans (PG) in the sclera, leading to the loss of PG and eventual tissue 
atrophy [86]. However, if the compliance and mobility of scleral connective tissues 
are restored, this PG loss could be reversed and flexibility restored [87]. The poten-
tial to improve property characteristics of the aging sclera could allow for restora-
tion of biomechanical efficiency for the ciliary muscles to work more effectively in 
molding the lens.

 Presbyopia: Theory and Treatment

Helmholtz theory of accommodation, wherein as the lens stiffens with age accom-
modative ability decreases [9], is the traditional definition of presbyopia. Following 
from this traditional definition, presbyopia treatments primarily modify optics along 
the visual axis to allow the clear focusing of objects at near. Non-invasive spectacles 
and contact lens use are most common treatments, however surgically treating the 
lens or cornea is also widespread [88, 89]. These surgical treatments aim to induce 
multifocality or create changes in asphericity and facilitate a large depth of focus for 
clear vision [88]. These procedures do not attempt to restore true physiological 
accommodation to the presbyopic eye, and may sacrifice distance visual acuity, 
binocularity, and stereopsis for clear vision at near [90–92].

Schachar and colleagues argued that presbyopia is caused by a decrease in cir-
cumlental space with age which crowds the lens [93–95]. Following from this the-
ory, several iterations of scleral implants have been used in an attempt to lift the 
sclera to increase the area between the lens and the ciliary muscle, uncrowd the lens, 
tighten the anterior zonules, and restore accommodative ability. There is some evi-
dence to suggest that these procedures were effective at restoring near visual acuity, 
however most versions of scleral implants were abandoned due to poor patient sat-
isfaction and mixed results [96]. The only remaining scleral implant with the CE 
mark is the VisAbility Micro-Insert scleral implant (Refocus Group, Dallas, TX, 
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USA), which is currently is FDA clinical trials [97]. Visual acuity and patient satis-
faction results are encouraging, despite risks of anterior segment ischemia, implant 
infection, implant displacement, and subconjunctival erosion [98].

Following from the theory that ocular rigidity has a large influence on the patho-
genesis of age-related loss in accommodative ability, laser scleral therapies were 
developed. Laser anterior ciliary excision (LaserACE) is the first iteration of the 
new laser scleral therapies. LaserACE is an eye laser therapy designed to create an 
‘uncrosslinking’ effect in the sclera by uncoupling the fibrils and microfibrils in the 
scleral layers. The biomechanical properties are manipulated by using a laser with a 
spot size of 600 μm to create a 5 mm by 5 mm matrix of microablations (microexci-
sions) in the sclera in 3 critical zones overlaying key anatomy of the accommodative 
mechanism (Fig. 9.3). This results in improving the compliance in the scleral tissue 
upon stress of the ciliary muscle forces. The 3 critical zones are as follows [11, 14, 
16, 82, 100]:

• Zone 1: The scleral spur at the origin of the ciliary muscle (0.5–1.1 mm from AL).
• Zone 2: The mid ciliary muscle body (1.1–4.9 mm from AL).
• Zone 3: Insertion of the longitudinal muscle fibers of the ciliary muscle, just 

anterior to the ora serrata at the insertion zone of the posterior vitreous zonules 
(4.9–5.5 mm from AL).

LaserACE uses an erbium: yttrium–aluminum–garnet (Er:YAG) laser 
(VisioLite®) to create the microablations in the sclera, with the aim to increase 
scleral compliance. This would alleviate any compression and loading stresses that 
a rigid sclera could exert onto underlying accommodative structures. There is evi-
dence demonstrating that LaserACE can reduce the ocular rigidity of scleral tissue 
by uncrosslinking. In a study presented at the American Society of Cataract and 
Refractive Surgery (ASCRS) annual meeting in 2013 [7], enucleated porcine sclera 
was chemically crosslinked to mimic the ocular rigidity observed in presbyopic 
60-year-old human patients. The LaserACE procedure was then performed on the 
crosslinked porcine sclera and reduced its ocular rigidity by 30%, which was 

a b

Fig. 9.3 LaserACE surgical procedure. (a) the three critical zones of significance as measured 
from the anatomical limbus; (b) restored mechanical efficiency and improved biomechanical 
mobility (procedure objectives). Reprinted with permission from [99]
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statistically significant (Fig. 9.4; p = 0.0009). After LaserACE treatment, the rigid-
ity in the porcine sclera returned to the ocular rigidity levels observed in pre- 
presbyopic 30-year-old human patients.

Previous studies have also shown that LaserACE can improve accommodative 
ability. A multicenter pilot study of 80 eyes in 40 patients measured objective 
accommodation preoperatively and up to 18 months after the LaserACE procedure 
[100]. Accommodation was measured with either wavefront aberrometry with the 
iTrace dynamic aberrometer (Tracey Technologies, Houston, TX) or the COAS 
Shack-Hartmann aberrometer with dynamic stimulation aberrometry (AMO 
Wavefront Sciences, Albuquerque, NM) [101]. The results are shown in Fig. 9.5. 
Patients received an average improvement in accommodative amplitude of 
1.25–1.5 D following the LaserACE procedure, which was sustained for 18 months 
postoperatively. No patient lost accommodative amplitude. In another study, effec-
tive range of focus (EROF), true physiological accommodation, and pseudoac-
commodation were measured in 6 eyes of 3 patients (average age 59.3 years) for 
up to 13  years postoperatively after LaserACE treatment [102]. Measurements 
were done using wavefront aberrometry with the iTrace dynamic aberrometer 
(Tracey Technologies, Houston, TX). The EROF is the range of focus with accept-
able blur and is the sum of the true physiological accommodation and the 
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pseudoaccommodation. The results are summarized in Fig. 9.6. Clinical accommo-
dation for these patients averaged 0.92 ± 0.61 D preoperatively. The average EROF 
for all patient eyes (n  =  6) was higher than preoperative accommodation at 
1.56 ± 0.36 D postoperatively. The EROF included 0.23 ± 0.24 D and 1.33 ± 0.38 D 
of true and pseudoaccommodation respectively. This was significant, as these pres-
byopic patients would likely have no true physiological accommodation if they had 
not received LaserACE treatment.
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Fig. 9.5 Objectively-measured patient accommodative amplitude. Error bars represent 
mean ± SD. Reprinted with permission from SLACK Incorporated [101]
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Restoring accommodative ability by targeting ocular rigidity in the sclera, has 
significant effects on patient visual acuity. An IRB approved phase 3 clinical trial 
investigated the distance (4 m), intermediate (60 cm), and near (40 cm) visual acu-
ities of 52 eyes of 26 patients for up to 24 months postoperatively after LaserACE 
treatment [99]. Visual acuities were measured using standard early treatment dia-
betic retinopathy study (ETDRS) charts and results are shown in Fig. 9.7. Patient 
uncorrected and distance corrected intermediate and distance visual acuities 
improved or remained stable after the LaserACE treatment. Patient uncorrected and 
distance corrected near visual acuities were significantly improved from preopera-
tive up to 24 months postoperatively. Monocular uncorrected and distance corrected 
near visual acuities (logMAR) improved from +0.36 ± 0.20 and +0.34 ± 0.18 pre-
operatively, to +0.25 ± 0.18 (p = 0.00005) and +0.21 ± 0.18 (p = 0.00000002) at 
24 months postoperatively. Similarly, binocular uncorrected and distance corrected 
visual acuities at near improved from +0.20 ± 0.16 and +0.21 ± 0.17 preoperatively, 
to +0.12 ± 0.14 (p = 0.001) and +0.11 ± 0.12 (p = 0.0003) at 24 months postopera-
tively. Randot stereoscopic tests showed that patient stereoacuity improved from 
74.8 ± 30.3 s of arc preoperatively, to 58.8 ± 22.9 s of arc at 24 months postopera-
tively (p = 0.012). An improvement in stereopsis suggests that restored binocularity 
which is lost with age may improve the visual skills and components necessary for 
quality vision.

The latest generation of laser scleral therapy is called laser scleral microporation 
(LSM). Animal studies and biomechanical research unveiled the need to expand the 
physiological critical zones from 3 critical zones of physiological significance to 
5 in order to optimize the effects of increased scleral compliance on the accommo-
dative system (Fig. 9.8). The five zones are:

• Zone 0: 0.0–1.3 mm from anatomical limbus (AL); distance from the AL to the 
superior boundary of ciliary muscle/scleral spur;

• Zone 1: 1.3–2.8 mm from AL; distance from the sclera spur to the inferior bound-
ary of the circular muscle;

• Zone 2: 2.8–4.7 mm from AL; distance from the inferior boundary of the circular 
muscle to the inferior boundary of the radial muscle;

• Zone 3: 4.7–6.6 mm from AL; inferior boundary of the radial muscle to the supe-
rior boundary of the posterior vitreous zonule zone; and

• Zone 4: 6.6–7.3 mm from AL; superior boundary of the posterior vitreous zonule 
zone to the superior boundary of the ora serrata.

The LSM procedure utilizes an Er:YAG laser in the wavelength of 2.94  μm 
(VisioLite®) to create a matrix of microporations in the sclera arranged in an array, 
with the aim to uncrosslink scleral tissue overlying the ciliary muscles in the eye. 
Early results of the LSM procedure show significant improvements for distance 
(4  m), intermediate (60  cm), and near (40  cm) visual acuities (Fig.  9.9) [103]. 
Thirty-two eyes of 16 patients aged >40 years who showed loss of accommodative 
ability and near visual acuity of 20/50 or worse were treated with LSM. Visual out-
comes were assessed using the Early Diabetic Retinopathy Study (EDTRS) log-
MAR charts up to 1 month postoperatively. Binocular uncorrected visual acuities 
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eyes. Error bars represent mean ± SD. Reprinted with permission from [99]
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(logMAR) at near (40 cm; UNVA), intermediate (60 cm; UIVA), and distance (4 m; 
UDVA) improved from +0.48 ± 0.16, +0.30 ± 0.15, −0.01 ± 0.12 respectively pre-
operatively, to +0.27 ± 0.17 (p < 0.001), +0.08 ± 0.13 (p = 0.008), −0.10 ± 0.10 
(p = 0.05) respectively at 3 months postoperatively. Similarly, binocular distance 
corrected visual acuities at near (40 cm; DCNVA), intermediate (60 cm; DCIVA), 
and distance (4 m; CDVA) improved from +0.49 ± 0.15 (logMAR), +0.31 ± 0.15 
(logMAR), −0.06 ± 0.10 (logMAR) respectively preoperatively, to +0.26 ± 0.19 

Fig. 9.8 Schematic 
representation of the Laser 
Scleral Microporation 
procedure over the five 
critical anatomical zones 
of physiological and 
biomechanical importance
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(logMAR) (p = 0.003), +0.09 ± 0.14 (logMAR) (p = 0.001), −0.12 ± 0.09 (log-
MAR) (p > 0.05) respectively at 3 months postoperatively. These early experimental 
results are very encouraging and also corroborate previous findings.

 Summary

In summary, recent literature has illuminated that the lens together with the extral-
enticular structures including the lens capsule, zonules, choroid, vitreous, sclera, 
ciliary muscles, all play a critical role in accommodation. These structures like all 
other connective tissues in the body are all affected by increasing age. Increasing 
ocular rigidity with age produces stress and strain on all of the ocular structures and 
can affect accommodative ability and biomechanical efficiency.

Scleral therapies may have an important role in treating age-related biomechani-
cal deficiencies in presbyopes, by providing at least one means to address the true 
etiology of the clinical manifestation of the loss of accommodation seen with age. 
LaserACE and LSM treatments, utilizing laser microporation of the sclera to restore 
more pliable biomechanical properties, appear to be safe procedures, and can 
improve visual outcomes in aging adults. These technologies continue to be further 
explored and optimized. The field of ocular biomechanics is in its infancy, however 
with the advent of improved biometry, imaging, and research focus, information 
about how the accommodation complex works and how it impacts the entire eye 
organ is not far from reach. This is a severely understudied field, however, the rele-
vance of the biomechanics of accommodation is more overarching than simply the 
loss of near vision, and of worthwhile relevance to pursue further. Further investiga-
tion could lead to the unveiling of even greater significance than the focus we cur-
rently have. There are quintessential questions that remain to be pursued, therefore 
more research is needed in this area to further identify and understand all the rele-
vant biomechanical factors contributing to ocular rigidity and presbyopia. It is nota-
ble to admit that we still do not fully understand the biomechanics of accommodation 
and that there currently exists no whole eye accommodation model that can fully 
encapsulate the biomechanical interactions of the optical, physiological, and neuro-
muscular functions of accommodation. Moreover, we are lacking a model of the 
complex biomechanics of the ciliary muscle forces on the lens during accommoda-
tion and disaccommodation with regard to age-related ocular rigidity. More biome-
chanical studies that account for all the physiological implications of the loss of 
accommodation as mentioned in this paper need to be done to further illuminate the 
relationships between presbyopia dysfunction and age-related tissue changes. 
Fundamental studies about the complex biomechanics of accommodation are still 
needed to understand the comprehensive mechanisms underlying presbyopia. 
Improved modelling along with a better understanding of the precepts and dynamics 
of the biomechanics of accommodation could lead to prevention or even delay of 
the onset of age-related eye dysfunction and disease.
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Chapter 10
Biomechanical Properties 
of the Trabecular Meshwork in Aqueous 
Humor Outflow Resistance

VijayKrishna Raghunathan

 Introduction

Primary open angle glaucoma (POAG), age associated macular degeneration 
(AMD), and cataract are the three most common age associated ocular disorders 
worldwide, leading to vision loss. Among these vision loss in POAG and AMD are 
irreversible. The etiology and progression of these diseases are multifactorial [1, 2] 
although fibrosis, oxidative and senescence have been thought to be significant con-
tributing factors. A key facet of fibrosis is a dynamic change in the extracellular 
matrix leading the tissue to become stiffer. The context in which this ‘stiffness’ is 
measured is dependent on the type of tissue, sample preparation, or the method by 
which it was measured. Regardless, a change in the biomechanical property of a 
tissue has profound implications on how cells respond to changes in their microen-
vironment. This is indeed true of the trabecular meshwork as well. Responsible for 
drainage of approximately 80% of the aqueous humor of the eye, dysfunction in the 
TM is thought to be the primary site of resistance, and lowering the intraocular pres-
sure is the only modifiable risk factor in glaucoma, a major cause of irreversible 
blindness in the aging population [3–9]. The increased resistance to aqueous humor 
in POAG is thought to be due to dependent on a number of factors—senescence, 
matrix composition/morphology/mechanics, loss of intra- and inter-cellular pores, 
deposition of plaque like material, changes in segmental regions, loss of cells, and/
or collapsing of the beams. With age, accumulation of extracellular matrix, 
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thickening of the beams, and loss of TM cells have all been documented [10–14]. 
Lutjen-Drecoll et al. [15] demonstrated that with age the elastic fibers of the TM 
thicken with minimal changes to the elastin containing central core. Classical stud-
ies by Tripathi [16, 17] have shown elevated amounts of matrix proteins in the TM 
that were postulated to contribute to increased resistance to outflow. Data emanating 
from studies over the past 4 decades are yet to identify the molecular mechanisms 
or the implications of mechanical changes in the TM contributing to the etiology 
and progression of glaucoma. Such increase in thickness may contribute to the 
changing biomechanics in glaucoma or age, and this is yet to be demonstrated.

 The Importance of Studying Biomechanics of the Outflow Pathway

The anterior segment of the eye is complex and includes the cornea, lens, iris, ciliary 
body, trabecular meshwork (TM) and Schlemm’s canal (SC). The TM and SC are 
located at the iridocorneal angle and primarily regulate and drive the drainage of 
aqueous humor. The TM is an incredibly complex structure (Fig. 10.1) comprised 
primarily of three regions which differ in both structure and function [18–22]. 
Anterior to posterior, first is the <20 μm thin juxtracanalicular (JCT) or cribiform 
region (primary site of resistance to outflow) that is separated from the endothelial 
cells of inner wall of the Schlemm’s canal via a discontinuous basement membrane. 
The JCT is a made of 2–5 layers of cells embedded in a wide variety of macromol-
ecules and residing over loose fibrillar ECM. This is followed by the corneo-scleral 
trabecular meshwork (CTM) comprised of thick 8–15 trabecular beams/lamellae 
made of Col I/III, and elastic fibers. Each layer is covered by cells on a basal lamina 
rich in laminin and Col IV. Posteriorly, this is followed by 1–3 layers of uveal tra-
becular meshwork (UTM) whose lamellae are thinner than those observed in the 
CTM. These together form a sponge-like filter whose porosity varies between and 
within the three layers.

Approximately 75% of all aqueous humor flows through the TM and SC [23, 
24]. The inner wall cells are currently thought to contribute only about 10% of the 
total resistance [25]. Since the cells in the JCT of the meshwork are not continuous, 
the bulk of outflow resistance would lie with the extracellular matrix (ECM) of the 
meshwork at the JCT. ECM components include fibrillar scaffolding proteins (e.g. 
fibronectin, laminin, collagen etc), non-structural matricellular proteins (e.g. 
SPARC, matrix gla protein, periostin, CCN family of proteins, thrombospondin, 
tenascin etc), and glycosylated proteoglycans. Common proteoglycans observed in 
the TM are glycosaminoglycans [(chondroitin sulfate, heparan sulfate, hyaluronan 
etc), and versican, perlecan, decorin, biglycan etc]. These together provide struc-
tural and mechanical properties to the tissue and adequate surface for the attachment 
of cells and by acting as load bearing structures. Further, through the presentation of 
various ligands, ECM components can bind, sequester, and stabilize signaling mol-
ecules to modulate essential cellular processes such as migration, proliferation, dif-
ferentiation, and cell fate determination.

V. Raghunathan



149

For any tissue, the intimate interaction between cells and their matrix contribute 
to the mechanical properties. The contribution of either component in defining these 
properties are quite difficult to isolate. Biomechanical stimuli—such as mechanical 
stretch, pulsatile motion, compression, shear, pressure, static cell guidance cues etc. 
are all integral components of the cellular microenvironment in the tissue. That cells 
are sensitive to dynamic mechanical forces such as shear stress, pressure, and stretch 
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Fig. 10.1 The trabecular meshwork: (a) Shows a view of the trabecular meshwork that separates 
the aqueous humor in the anterior chamber from the canal of Schlemm. TM trabecular meshwork; 
SC Schlemm’s canal; AC anterior chamber; SS scleral spur; CM ciliary muscle. Magnification bar 
is 20 μm. (b) A magnification of the trabecular meshwork demonstrating the 3 regions: UTM uveal 
trabecular meshwork; CTM corneoscleral trabecular meshwork; JCT Juxtacanalicular tissue. 
Magnification bar is 5 μm. (c) Schematic illustrates the direction of outflow across the trabecular 
meshwork. (a, b) are reproduced with permission from Tamm [18]
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are well recognized [26, 27]. Nevertheless, a plethora of passive biophysical tissue 
attributes of tissue exists such as stiffness or nanotopography alter cellular prolifera-
tion, migration, expression, and differentiation [28–32]. Whilst these cues may 
appear to be passive at a given instant, they are capable of changing with time, 
stimulus, and/or intervention. Over the past decade a number of groups have dem-
onstrated the impact that biophysical stimuli on tissue homeostasis, development, 
differentiation and disease. It is therefore paramount to place these in the context of 
tissue function. Biophysical, biochemical, and genetic factors act in concert to 
dynamically govern the continuous interactions between cells and their extracellu-
lar microenvironment. Using other cell systems it was shown that cells cultured on 
stiffer substrates adopt a more contractile tone [33–36]. Truly, TM cells have been 
reported to be contractile [37, 38], and this is thought to contribute to matrix changes 
observed in the tissue in POAG leading to outflow resistance [39–41]. Congruently, 
the importance of Rho signaling and its effect on lowering IOP has been the target 
for development of novel drugs targeting the conventional outflow pathway [42–44].

Despite the demonstrated importance of biophysics on cellular behaviors, and its 
potential to mediate IOP, the complexity of the outflow tract has prevented its com-
plete mechanical characterization. Nearly a decade ago, Overby et al. [45] proposed 
a paradigm where the JCT and inner wall endothelial cells synergistically control 
outflow resistance. Emerging data in the field document that the resistance goes 
beyond the Schlemm’s canal by demonstrating a dynamic range in resistance to 
aqueous outflow by the distal vessels of the conventional outflow pathway when the 
TM was excised ex vivo [46]. Thus, a full characterization of mechanical properties 
is essential to account for the substantial heterogeneity and anisotropic organization 
of the tissues involved, as well as how these properties change in disease. It would 
be wise to note that there are no determined standards that exist to define mechani-
cal properties of ocular tissues. Despite these challenges, a number of laboratories 
have made significant inroads in characterizing the material properties using various 
techniques and determining how these properties may influence cell behavior and 
outflow function. In this chapter we shall explore further the published data, and 
relevance of biomechanics to TM mechanobiology and outflow resistance. Data 
pertaining to the Schlemm’s canal are not discussed here.

 Parameters Defining the Mechanical Properties 
of Biological Materials

Biological materials such as tissues are difficult to define due to the complex nature 
of their compositions: ECM, cells, soluble factors, and interstitial fluid. The tra-
becular meshwork is unique in the sense that it potentially has both isotropic (direc-
tion independent) and anisotropic (direction dependent) characteristics. The way 
the collagen lamellae are organized around the circumference is highly aligned 
while the loosely packed matrix of the JCT is stochastic in organization. Further, 
judging by the anatomical organization of the TM, it is inhomogeneous in toto 
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although there may be certain localized regions where the material may be consid-
ered homogeneous. For example, flow across the TM has been recognized to be 
segmental i.e. there are regions of high, low, and medium flow with marked differ-
ences in the expression of select matrix/matricellular proteins [47–53]. However, 
whether there are intrinsic structural changes between these segments, and if these 
vary with time, stimulus, disease are unknown. As such, cells aligned with the col-
lagen fibers may experience ‘contact guidance’ and experience static stretch. It is 
been postulated that the aqueous system behaves like a mechanical pump [54, 55] to 
produce cyclical strain that is capable of transferring cyclical stretch and compres-
sion to the tissue/cells/ECM. Thus the forces experienced by cells are both tangen-
tial and perpendicular to their alignment on matrix fibers/bundles. Combined with a 
possible pulsatile motion, the tissue (cells & matrix) potentially thus experience 
localized and bulk tensile and compressive loading. Such a property that defines the 
negative of the ratio of transverse strain to corresponding axial strain is defined as 
Poisson’s ratio (ν) and is essentially constant for any given material. Isotropic mate-
rials have a Poisson’s ratio between −1.0 and 0.5. The Poisson’s ratio of most engi-
neering materials is typically 0.2 < ν < 0.5, incompressible materials with elastic 
deformations will have ν = 0.5, while ν = 0 demonstrates that there is no change in 
transverse strain.

Combining all these attributes, the most commonly used term to define the 
mechanical property of a biological tissue in the ocular field is elastic modulus often 
referred to simply as ‘stiffness’. It is a measure of the tendency of a material to resist 
deformation under stress (force applied per unit area). The ratio of stress to strain 
(change in deformation per original length) when load is applied in plane is defined 
as the Young’s modulus. The term Young’s modulus is true when a material’s prop-
erty is such that the relationship between stress and strain is linear. This is often not 
the case for biological materials where the modulus varies with the amount and rate 
of strain, and direction of loading. As such, tissue ‘stiffness’ is simply referred to as 
elastic modulus/apparent elastic modulus/tensile modulus etc. depending on the 
method used. That being said, measures of TM tissue stiffness cannot be taken as 
absolute unless the methods by which samples are prepared, instrumentation/tech-
niques used, parameters applied for determination are all taken into consideration. 
Nonetheless values reported in literature provide information on the differences 
observed between homeostasis and disease to a reasonable extent.

Box 1 Definition of Basic Parameters
Elastic modulus: The modulus of elasticity or elastic modulus is the property 
of a material that defines how deformable it is under various loads applied. 
Elastic materials do not have a permanent irreversible change in structure and 
behavior when a load is applied. The factors that describe the relation between 
deformation and applied force are termed as ‘elastic constants’ and the modu-
lus is just one such constant. In biological science research, stiffness and elas-
tic modulus are often used interchangeable, and this has not been without 
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 Reported Mechanical Characterization 
of the Trabecular Meshwork

Very few studies have actually evaluated the mechanical properties of trabecular 
meshwork either in vitro or ex vivo. The most common parameter reported is the 
elastic modulus; very little is known about the viscoelastic properties of the 
TM. These measurements have been made directly and indirectly using a number of 
techniques. To our knowledge, there are no studies that have reported any mechani-
cal characterization of the TM tissue in vivo. Further, the effects of drugs used to 
lower IOP on TM biomechanics is largely lacking. However, recent studies comb-
ing imaging and computational methodologies hold great promise in accurately 
characterizing the TM.

 Human

The trabecular meshwork, while under constant circumferential stress, is also sub-
jected to compressive loading by dynamic remodeling of the extracellular matrix in 
addition to modulation in cellular cytoskeletal dynamics. Atomic force microscopy 
is an indentation technique used to determine the mechanical properties in a local-
ized environment and is thus suitable method for TM. Less than a decade ago, the 

controversy. However, in engineering context, stiffness refers to the force- 
deformation relationship of the whole system, rather than an intrinsic prop-
erty of the material. The most commonly used parameter to define the 
mechanical property of the trabecular meshwork is the elastic modulus, which 
is defined as Young’s modulus. It must be noted that the Young’s modulus usu-
ally refers to the modulus determined by tensile testing and is defined as fol-
lows: For an isotropic material, when a uniaxial tensile stress is applied, the 
initial slope, where a linear relationship exists between axial stress and axial 
strain, is defined as the tensile modulus of elasticity or Young’s modulus (E) 
i.e. E = σ/ε in units of N/m2 or Pa. This linear relationship is also termed 
Hooke’s law (Fig. 10.2).

Viscoelasticity: A number of materials have an elastic component and a 
viscous component whose stress-strain relationship depends on ‘time’. It 
must be noted that viscoelastic materials will return to their original shape 
when the applied force is removed (elastic response) although with prolonged 
time (viscous response) this will not occur. (Figure  10.2 shows difference 
between elastic loading and viscoelastic loading also termed hysteresis). Cells 
and tissues have viscoelastic properties with small perturbations at a cell 
membrane eliciting an elastic response while larger forces eliminate this elas-
tic response.
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elastic modulus of the human TM, at the JCT side, was quantified using AFM [56]. 
This study was particular important as it the first to report that the apparent elastic 
moduli of human TM isolated from glaucomatous donors was significantly greater 
(~20 fold at ~80 kPa) than from normal donors (~4 kPa). There has been skepticism 
with the manner in which the tissue was prepared and speculation that the cyanoac-
rylate glue used to adhere the sample may have resulted in an artifactually high 
value. However, in the same study the authors demonstrate a large range of values 
for the elastic modulus along the TM suggesting there may have some regional 
variations. More recently, Vranka et  al. [53], using AFM, demonstrated that the 
elastic moduli of TM (JCT side) varied between the segmental flow regions with 
mean values for low flow (LF) regions at ~7  kPa vs ~3  kPa for high flow (HF) 
regions in normal TM obtained from 24 h ex vivo anterior segment perfusion cul-
tures at 1x pressure. Further, they demonstrated that with elevated pressure (2×) for 
24  h in normal tissues, HF regions became softer (~1.3  kPa) while LF regions 
appeared to become stiffer (~9.7 kPa). In a further recent follow up, Raghunathan 
et al. [57] demonstrate that glaucomatous LF tissues have a mean elastic modulus of 
~75 kPa while glaucomatous HF tissues were ~2 kPa. These two recent studies did 
not use any glue as a mounting agent to adhere the TM tissue [58] and measured the 
JCT side. These values are in agreement with those reported by Last et al. [56] for 
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glaucomatous TM. In another study [59], using AFM, the elastic modulus of TM 
from normal eyes was ~1.37 kPa while that of glaucomatous eyes was ~2.75 kPa 
and observed no significant differences between HF or LF regions in either group; 
here, the TM was not excised from the corneo-scleral wedge, thus the measure-
ments were likely performed away from the JCT and on the uveo/corneo-scleral side.

Using uni-axial tensile testing, the most commonly and traditionally used method 
to determine tissue mechanical property, the tensile modulus of human TM from 
both normal and glaucomatous donors has been reported. Camras et  al. [60–62] 
reported that the Young’s modulus of glaucomatous TM 51.5 MPa while that of 
non-glaucomatous tissues was 12.5 MPa. Additionally, Camras et al. [60] also noted 
substantial inhomogeneity, with variations in modulus in different segments within 
the TM, implying the meshwork may exhibit segmental mechanics suggestive of 
segmental outflow [49, 51, 63–66] although these were not investigated. Whilst 
these values appear to contradict the findings of Last et al. [56], it is imperative to 
understand that the methods used in the two studies are vastly different. Also, the 
organization of fibrillar structural components in tissues can exhibit substantial 
anisotropy, making tensile testing highly dependent on the orientation of the sam-
ple. All of these challenges are exemplified in the TM. Further, the elastic moduli 
values reported depends on (i) the applied stress/strain, (ii) the hydration state, (iii) 
time between tissue excision and measurement, (iv) alignment with the tissue grips, 
(v) temperature, (vi) storage and bathing medium, and (vii) precise location/anat-
omy of tissue tested [67–70]. Any method used to determine the mechanical prop-
erty of soft tissues will have to simulate the native environment during testing. It is 
likely that the contribution of the corneo-scleral portion of the meshwork is greater 
with the tensile testing than that of JCT. Although, why the values reported for the 
TM are significantly larger than values reported for scleral biomechanics are unclear. 
A major factor with tensile measurements is the clamping force applied to hold the 
tissue. In the case of the TM measurements, it is unclear what these were or how 
they affect the moduli values reported. Also, tensile testing informs us of the bulk 
properties of tissue and do not account for the individual contribution of cells versus 
matrix components or the contribution from segmental regions.

Other methods have also been used to estimate the modulus of the TM, notably 
by combining optical coherence tomography (OCT) images and engineering mod-
els. Johnson et al. [71] estimated the elastic modulus of the TM to be 128 kPa using 
an analytical model of beam-bending under uniform load for a linearly elastic mate-
rial with simplified geometry and based on changes in TM and SC thickness. 
Subsequently, using a nearly incompressible neo-Hookean solid model, Pant et al. 
[72] estimate the elastic modulus for TM as 5.75 kPa by inverse finite element mod-
eling (FEM). In these above methods, the influence of TM compressibility was not 
taken into account, although the values estimated by Pant et al. [72] are closer to 
those reported using AFM by Last [56], Vranka [53], Raghunathan [57] and Wang 
et al. [59]. Values obtained from FEM and AFM must be compared only with cau-
tion since the methods in which the load is applied are quite different (tension in 
OCT imaging, vs compression in AFM). Interestingly, using inverse FEM, Wang 
et al. [59] estimated normal TM modulus at 70 ± 20 kPa and glaucomatous TM 
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modulus at 97 ± 19 kPa which is approximately 10–15 times greater than that esti-
mated by Pant et al. [72]. A major difference between these two studies are in how 
the images were collected, analyzed, and thus used to create the mesh required for 
FEM. Further, a major factor contributing to the discrepancy in the values in these 
two studies is how the areas and thickness of Schlemm’s canal were factored.

 Non-human Primate

The structure of the eye’s aqueous humor outflow system and its influence on IOP 
have been studied in humans and animals for many years and continue to be inves-
tigated. Of the available animal models, experimental glaucoma (ExGl) in the non- 
human primate (NHP), induced by subtotal laser photocoagulation of the trabecular 
meshwork (TM), is considered the most predictive for drug efficacy in the human 
[73]. Morphological and hydrodynamic data in this model suggest that fibrosis of 
the TM and adjacent inner wall of Schlemm’s canal (SC) reduces the area for con-
ventional aqueous outflow, leading to decreased outflow facility, and elevated IOP 
[74–78]. Furthermore, the classic arcuate mid-peripheral visual field losses observed 
in human patients with primary open angle glaucoma (POAG) and elevated IOP 
have also been observed in visual field testing of NHPs with ExGl [79]. Additional 
evidence suggests that aqueous humor flow in eyes with ExGl is largely diverted to 
the small unlasered area of TM, suggesting a capacity for this tissue to dynamically 
compensate both structurally and functionally, accommodating the increased flow 
[76]. However, very little is known about the mechanical properties of the NHP TM 
and if there is any relevance to glaucoma. To the best of our knowledge, there is only 
one study [80] that reports the elastic modulus in NHPs; mean elastic modulus as 
determined by AFM was 3.3 ± 0.32 kPa for control animals, while the unlasered 
regions of TM in ExGl NHPs were approximately 300 Pa (0.30 kPa). This data sug-
gested dynamic compensation for chronic IOP elevation in ExGl and that a softer 
TM promotes increased outflow, provided by the capacity for unlasered primate TM 
cells in normal primate eyes to compensate for increased IOP and reduced overall 
outflow from the eye by altering the composition and subsequent mechanical prop-
erties of the matrix in the JCT region. However, a principal limitation of that inves-
tigation is the lack of knowledge as to the mechanism of action or class of the 
topical agents previously administered to these NHPs, as well as the need for spo-
radic to frequent treatment to manage excessively high IOP in eyes with ExGl.

 Mice

Mice are extensively used to study pathophysiology of the TM due to their ease of 
genetic manipulation, ability to administer treatments, and similarity of the conven-
tional outflow pathway with humans. However mechanical characterization of 
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rodent TM, although much sought after, has been quite challenging to perform, and 
as such only a couple of studies have reported the elastic modulus of the mouse TM 
using various methods. The first report was by Li et  al. [81] combining spectral 
domain OCT images and mathematical modeling. They made the following assump-
tions for these measurements: that a decrease in Schlemm’s canal lumen was by TM 
deformation, that there was change in the width of SC, that pressure inside SC 
lumen was independent of IOP, and that TM was linearly elastic. The elastic modu-
lus was reported as 2.16 kPa in control eyes and 3.46 or 5.01 kPa in BMP2 overex-
pressing eyes (as a model for ocular hypertension) after 7 or 10 days respectively. It 
is important to note that the parameters used for mathematical modeling were iden-
tical for all mice across the groups, and thus differences in anatomical and pressure 
parameters between animals or regional variations were not considered.

More recently, Wang et al. [82] measured TM modulus in 10–20 μm thick sagit-
tal cryosections after whole globe perfusions. They compared two freezing tech-
niques one with a cryoprotectant (15% glycerol) and one without. In this initial 
study, the authors found no correlation between outflow facility and TM modulus in 
5 eyes (C57BL/6J) whose TM were frozen with a cryoprotectant or in 11 eyes 
(CBA/J) whose TM were frozen without cryoprotectant. The elastic modulus of the 
TM in cryosections obtained with cryoprotectant was 3.22 ± 1.84 kPa while those 
without cryoprotectant was 3.84 ± 3.37 kPa. Segmental flow observations were not 
taken into account in this study. In a follow up study, Wang et al. [83] report that TM 
modulus from 18 C57BL/6J mice was 2.20 ± 1.12 kPa vs 3.08 ± 3.55 kPa in 10 
CBA/J mice. Further, they demonstrated that TM modulus was 2.38 ± 1.31 kPa in 
mice treated with dexamethasone for 14 days vs 1.99 ± 0.91 kPa in vehicle control 
mice. For the first time, this study report a small but significant correlation between 
TM modulus and outflow resistance but not IOP with dexamethasone treatment 
using two strains (C57BL/6J and CBA/J) of mice. This is especially important con-
sidering mechanical properties were first suggested to impact the resistance to aque-
ous outflow. Although rehydrated frozen sections have been used for AFM but 
non-ocular investigators, this is not without limitation. Whether such freeze-thaw 
cycles alters GAG content that contribute to tissue compression resistance were not 
reported or discussed.

 Rabbit

Using AFM, we reported that the elastic modulus of the TM (JCT side) in adult New 
Zealand white rabbits as 1.03 ± 0.55 kPa and that its modulus was elevated threefold 
to 3.89 ± 2.55 kPa with 3 weeks of 0.1% (w/v) topical dexamethasone treatment 
in vivo. In our study irrespective of any measured change in IOP, a change in the 
mechanical property of the TM was observed. Long-term consequences of steroid 
administration on IOP changes or TM biomechanics in rabbits were not determined, 
although steroid induced IOP elevation in humans and mice have been reported 
[84, 85].
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 Rat

Huang et al. [86] report a method of estimating the elastic modulus of the TM in rat 
eyes. This involved perfusion of the eyes with Evans blue (a non-specific tracer to 
the TM), flat mounting the anterior segments, subsequently measuring indentation 
on the uveal side of the TM by AFM to estimate elastic modulus, and finally using 
the indentation values with a mathematical model for non-Hookean materials to 
verify the moduli measurements. The geometric mean elastic modulus of the TM 
was reported as 162 ± 1.2 Pa.

 Porcine

Elastic modulus of the porcine TM has been evaluated both by AFM and tensile 
testing. Camras et al. [60, 62] reported the tensile elastic modulus of porcine TM as 
2.49  MPa, while Yuan et  al. [87] reported the indentation modulus by AFM as 
1.38 kPa.

 Considerations While Interpreting AFM 
Moduli Measurements

Sample preparation: Preparation of biological samples is crucial in biomechanical 
characterization. One of the major advantages of using AFM is that the tissue 
needn’t be fixed or dehydrated and can be characterized in a biomimetic environ-
ment without the need for fixation or dehydration. The most common method to 
immobilize biological samples is by using cyanoacrylate or fibrin based glues that 
can potentially introduce artifacts [88, 89]. For very small samples, Cell-Tak or 
poly-L-lysine may be used. While minimizing the amount glue to minimize errors 
or discarding artifactual data are feasible, it is preferred that sample preparation is 
objective and controlled. This problem is increasingly being recognized and glue- 
free methods are being developed [58, 90]. Similarly, avoiding freeze-thaw of tis-
sues to prevent alterations in tissue composition should be preferred.

Anatomical location: This is undoubtedly an important consideration while per-
forming AFM on TM. The TM is defined by 3 major regions: uveo-scleral mesh-
work, corneo-scleral meshwork, JCT and cribiform plexus. Thus whether 
measurements are performed on the JCT side or the uveal-/corneo-scleral side is 
critical. Further, how the cells differ in each region and what their contribution to 
mechanics is poorly defined. Depending on the region of the TM, cells may either 
form sheets covering ECM structures or they may be scattered throughout the ECM 
forming occasional gap and adherens junctions. Elastic fibers in the TM have a cir-
cumferential alignment, yet the JCT is loosely organized with large open spaces. 
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Segmental flow regions of the TM also ought to be considered while performing 
experiments.

Hydration medium: Tissues are hydrated in vivo and thus have to be adequately 
and appropriately hydrated while performing AFM. Physiological buffer like phos-
phate buffered saline or Hank’s balanced salt solution with divalent salts (Ca2+/
Mg2+) will minimize electrostatic interactions and osmotic pressure, and prevent 
potential swelling artifacts.

Cantilever considerations: Since AFM is dependent on deflection of a cantilever; 
the choice of appropriate cantilever stiffness (spring constant) should be matched 
with the sample stiffness. i.e. if a stiff cantilever is used to measure a sample softer 
by orders of magnitude, large deformations would not lead to detectable cantilever 
deflection. At the same time, the spring constant cannot be too small such that drag 
force due to motion through the buffer generates appreciable deflection. Further, the 
osmolarity and viscosity of the medium being used to perform the measurements 
are important to consider as they can influence cantilever deflection. In addition, 
prior to every experiment, it is important to calibrate the spring constant and optical 
sensitivity of the cantilever. For all samples, optimal parameters for approach veloc-
ity and indentation depth have to be kept consistent. When using elastic approxima-
tions for viscoelastic tissues, approach velocity of the cantilever must be carefully 
controlled.

Indenter shape and depth: This is a critical factor while obtaining force versus 
indentation curves for AFM analysis. The models used to fit force versus indenta-
tion curves are geometry specific: rigid cone, sphere, or flat cylinder [91, 92]. If 
cantilevers are modified with a sphere, the diameter of the sphere factors heavily in 
indentation depth and subsequent analysis of elastic modulus [93–96]. For thin 
samples such as tissues or cell derived matrices, it is essential to consider the influ-
ence of the underlying substrate, which is typically far stiffer. To mitigate substrate 
effects the general rule is to limit the indentation depth to approximately 10% of the 
total sample thickness [97, 98]. Further, due to the viscoelastic nature of biological 
tissues, the velocity of indentation is critical while performing measurements.

 A Brief Glimpse on the Cellular Consequences or 
Mechanobiology of the Trabecular Meshwork

Besides using genetic or ocular hypertension models by steroid administration, 
most of our understanding of TM biology including the study of cell signaling path-
ways come from traditional cell culture of primary human TM cells isolated from 
whole eye globes or corneo-scleral rims on rigid non-physiological polystyrene/
tissue culture plastic (TCP) or glass bottom dishes. These surfaces have elastic mod-
uli of the order of >1 GPa which is several orders of magnitude greater than what 
TM cells sense in the native environment, are generally topographically flat com-
pared to a topographic rich ECM in vivo, chemically devoid of functional heteroge-
neity unlike the TM tissue. An overwhelmingly large body of literature document 
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the biology of cells are vastly different when presented with relevant substratum 
biophysical properties (stiffness, topography, chemical and physical heterogeneity, 
porosity) in vitro [99, 100]. It is thus evident that TCP dishes do not provide the 
necessary cues that may be essential to dictate cell fate.

Considering just one factor, substrate rigidity, a number of studies have demon-
strated that TM cells respond differentially in the presence or absence of a number 
of soluble factors when cultured on hydrogels of biomimetic elastic modulus. For 
example, Schlunck et al. [101] demonstrated that cell spreading and focal adhesion 
size, FAK activation, serum-induced ERK phosphorylation, expression and recruit-
ment of αSMA to stress fibers and all increased with substrate rigidity. They further 
demonstrated that the morphology of fibronectin deposits differed on the various 
matrices. Interestingly, elevated amounts of myociling and αB-crystallin were 
observed on softer gels. Subsequently, Han et al. [102] further showed that with 
increasing substratum rigidity and TGFβstimulus, protein expression (collagen VI, 
αSMA, fibronectin etc) similar to that reported in primary open-angle glaucoma 
was observed and partially mediated via non-Smad signaling (ERK, AKT, or PI3K). 
We previously showed that an increase in substrate stiffness increases secreted friz-
zled related protein 1 (SFRP1, a potent antagonist of the Wnt pathway [103]) 
expression level in HTM cells [104]. SFRP increases with senescence, with steroid 
treatment in HTM cells, and can actually increase senescence in these cells [105]. 
Using glass/plastic surfaces increases in TM cell stiffness have been observed with 
dexamethasone treatment, Wnt inhibition (both canonical and non-canonical), or 
with replicative senescence [106–108]. The modulatory effects of Wnt signaling in 
cells cultured on substrates of varying rigidity are yet to be evaluated.

In other studies, Wood et al. [109], Thomasy et al. [110, 111] demonstrate that 
substratum rigidity modulates TM cell response to actin disruption (by Latrunculin-B) 
partially via mechanotransducers YAP and YAZ. Cells on softer substrates demon-
strated lower cell proliferation and attachment. Further data from these studies dem-
onstrated that TM cells cultured on hydrogels of normal or glaucomatous tissue 
stiffness responded differently to Latrunculin-B treatment in comparison with when 
cultured on TCP; notably decreases in ECM protein expression, and lower cellular 
responses to mechanotransducers when treated with Lat-B were observed on softer 
gels. McKee et al. [112] demonstrated that primary HTM cells adhered to stiffer 
substrates were significantly more responsive to Lat-B suggesting that the effects of 
Lat-B treatment would be most pronounced in glaucomatous eyes with a stiffer 
HTM. They also show a rebound effect on HTM cell stiffness as the actin cytoskel-
eton was reforming after the Lat-B treatment. Considering a number of cytoskeletal 
modulators are in clinical trial for IOP reduction, there is a possibility that a number 
of drugs may be inadvertently considered ineffective because pre-clinical tests were 
performed on irrelevant substrates.

Other biomechanical stimuli such as stretch (due to anisotropy of the ECM, or 
dynamic strain due to pulsatile motion) also have profound effects on TM cell 
behaviors. Static stretch, due to anisotropy of or underlying substrates, was suffi-
cient to increase myocilin and versican expression in TM cells in a size dependent 
manner [113]. Non-topographic static stretch was shown to elevate aquaporin-1 
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levels and inversely correlated with lactate dehydrogenase release suggesting a pos-
sible role in cytoprotection [114]. From non-ocular systems it is evident that both 
cyclic and static strain modulate mechanosensors (integrins and focal adhesion 
complexes) differentially to effect a plethora a signaling cascades downstream. 
Similarly, in the context of TM cell culture in vitro, dynamic stretch elicited by 
cyclic strain has been shown to affect a myriad of cellular function and gene/protein 
expression. Again, not all genes/proteins are modulated in a similar or expected 
manner. Cyclic stain, on the other hand, has been shown to alter the actin cytoskel-
eton, transiently decrease αB-crystallin, significantly increase both secretion and 
transcription of IL-6, elevated production of metalloproteinase-2 (MMP-2), 
MMP-14 and tissue inhibitor of metalloproteinase-1 (TIMP-1) but not MMP9 or 
TIMP-2, increased extracellular secretion of ATP and adenosine, increased phos-
phorylation of protein kinase B, elevated expression of vertebrate lonesome kinase, 
secretion of autotaxin, and modulate mTOR signaling/autophagy to name a few 
[115–126]. Such phenomena are not unique to the TM and are prevalent in almost 
every tissue/disease model. Whether substratum stiffness plays a role in stretch 
mediated cellular outcomes remains to be seen. Despite all these, studies are contin-
ued to be performed on 2D surfaces with artificial chemistry. In an attempt to move 
towards a biomimetic approach, our lab and others have begun to move towards the 
use of 3D scaffolds or cell derived matrices to evaluate TM behavior [57, 108, 127–
129]. Such models have been used to both evaluate the effects of drugs [129] or to 
simply demonstrate that pathologic matrices are capable to driving healthy cells 
towards a glaucomatous phenotype [57].

 Summary

The overview presented here is by no means exhaustive, but is meant to demonstrate 
the complexities and differences in quantifying TM mechanics and how it influ-
ences their biology. Changes in mechanics by themselves are insufficient to under-
stand the fundamental question: what drives outflow resistance and how this 
regulates subsequent elevated intraocular pressure? It would appear from the exist-
ing knowledge that a better means to integrate the biomechanics with the cell biol-
ogy concurrent with sophisticated tools to dissect the signal transduction pathways 
as it pertains to cytoskeleton/ECM/tissue remodeling would be ideal. Recent 
advances in multi-photon microscopy and second harmonic imaging capabilities are 
capable of providing high resolution spatial distribution of cellular and extracellular 
structures and proteins. Particularly, they are useful to resolve the associations 
between tissue architecture, cells and ECM proteins [130–132]. In addition to static 
imaging, dynamic motion of the TM has recently been imaged by phase-sensitive 
optical coherence tomography [55] allowing for live visualization of TM in vivo. 
When all the data from various techniques are integrated, they can then be used for 
predictive mathematical modeling in silico. Computational modeling of TM behav-
ior will provide valuable information to predict the effects of drugs that alter 
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aqueous humor drainage and regulation of IOP restricting the number of animal 
studies that may be required for drug development.
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Chapter 11
Aqueous Humor Outflow

Goichi Akiyama, Thania Bogarin, Sindhu Saraswathy, and Alex S. Huang

 The Purpose of Aqueous Humor, Outflow, 
and Intraocular Pressure

Stable vision demands, among many variables, a semi-rigid eye for predictable 
optics and a clear visual axis. Aqueous humor and its intraocular flow (aqueous 
humor outflow [AHO]) supports this by performing several functions. Aqueous 
humor provides nourishment in the form of oxygen and micro-/macro-molecules 
such as glucose to avascular tissues like the crystalline lens and cornea. AHO cre-
ates an intraocular pressure (IOP) which reliably firms the globe and cornea for 
stable optics. As a fluid, aqueous humor can wash out intraocular particulate matter 
(such as inflammation) that otherwise, if replaced by an optically clear but solid 
media (like cornea), would cause scarring and block light. As a clear fluid, aqueous 
humor allows uninterrupted passage of light that would be prevented if blood were 
the substituted medium. Therefore, like any physiological process, AHO is critical 
to organ function, and AHO can be associated with disease such as elevated IOP and 
glaucoma when AHO is impeded.
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 Anatomy of Intraocular Pressure and Aqueous 
Humor Outflow

IOP has many determinants and is a product of the balance between production of 
fluid and outflow of fluid (regulated at the level of the eye or as a backup of fluid 
from more distal sources). This relationship is modeled in the Goldman equation 
where IOP = (F)(R) + EVP (IOP = intraocular pressure [mm Hg]; F = aqueous pro-
duction [μl/min]; R  =  outflow resistance [mmHg*min/μl], and EVP  =  episcleral 
venous pressure [mm Hg]) [1].

Anatomically, aqueous humor production (“F” in the Goldman equation) occurs 
at the epithelial layers of the ciliary body via three mechanisms: ultrafiltration, pas-
sive diffusion, and active secretion [2, 3]. Aqueous production is centrally regulated 
[2, 4] and a major target of therapeutic IOP reduction. However, its role in disease 
pathophysiology is not firmly established.

After production, aqueous then moves between the iris and lens, into the anterior 
chamber, and toward the angle where two outflow pathways (trabecular and uveo-
scleral) reside. In trabecular outflow, aqueous humor passes through the trabecular 
meshwork (TM and primary source of “R” in the Goldman equation) into Schlemm’s 
Canal (SC), then collector channels (CCs), into an intrascleral venous plexus, and 
eventually to aqueous and episcleral veins [2]. EVP arises in episcleral veins and 
can be altered by pathological distal venous congestion (such as in a carotid- 
cavernous fistula [5]) to impact the Goldman equation.

Since a second outflow pathway (unconventional/uveoscleral) also exists [6], the 
Goldman equation can be expanded into IOP = (Fin − Fout)(R) + EVP where “Fin” 
represents aqueous production and “Fout” represents uveoscleral outflow [7]. In the 
uveoscleral outflow pathway, aqueous humor passes through the ciliary body of the 
angle, into ciliary body clefts, draining either into the supraciliary space, through 
the sclera, or into lymphatics [7, 8].

Since trabecular outflow represents the majority of aqueous humor outflow 
(~50%–85%) [9, 10], occurs on a faster time scale compared to uveoscleral outflow 
[11], is more superficial relative to the ocular surface compared to uveoscleral out-
flow, and whose diminished capacity has been implicated in high pressure glaucoma 
[12], it will be the focus of this chapter and heretofore designated as trabecular, 
conventional or simply aqueous humor outflow (AHO).

 Resistance to AHO in Normal and Diseased Eyes

Seminal work by Morton Grant, using post-mortem human eyes, demonstrated that 
the primary resistor (50–75%) to AHO was the TM [12] (Fig. 11.1). The TM is a 
multi-layered biological filter [13] and one-way valve that teleologically acts to pre-
vent blood reflux into the eye that can result in blocked vision. Specifically, AHO 
resistance has been pin-pointed to the border between the juxtacanalicular TM and 
contiguous inner-wall of SC [13]. In glaucoma, Morton Grant noted that there was 
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elevated TM AHO resistance to explain elevated IOP [12] (Fig. 11.1). At a cellular 
level it has been hypothesized that increased extracellular matrix (ECM) deposition 
[13], theories of funneling [13], alterations in TM biomechanics/rigidity [14], or 
defective cellular pore formation [15] may cause this increased resistance. In addi-
tion to the TM, Morton Grant also identified additional resistance and potential 
impact of disease past the TM. After trabeculotomy (TM removal) in normal eyes 
there was residual resistance meaning that resistance was still present in regions past 
the TM in the distal outflow pathways (SC to episcleral veins) [12, 16] (Fig. 11.1). 
Then in glaucoma eyes, while trabeculotomy dropped outflow resistance, the resid-
ual distal outflow resistance was not only present but still elevated compared to the 
distal outflow resistance of normal eyes (Fig. 11.1) [12, 16]. In fact, the magnitude of 
increased distal outflow resistance in diseased compared to normal eyes (~2-fold) 
was about the same as the increased overall resistance comparing the same diseased 
to normal eyes (~ 2.5-fold) [12, 16] (Fig. 11.1). This implied that glaucoma is not 
only a TM outflow resistance disease but potentially a whole-eye outflow resistance 
problem requiring a molecular mechanism to explain both TM and post-TM changes.

 Influence of TGF-β

Among many actions, TGF-β is a master regulator of fibrosis in the body. In the 
eye, TGF-β’s multiple pathways have been implicated in ocular functions 
including maintaining corneal integrity and regulating wound healing [17]. For 

Normal Glaucoma

Most of the outflow
resistance is at the TM

Glaucoma shows
~250% increased
resistance AT the TM

Glaucoma shows
~200% increased
resistance AFTER the TM

Before Trabeculotomy
Resistance (mmHg×min)/µl

After Trabeculotomy
Resistance (mmHg×min)/µl

6.06 16.7

1.26 2.53

Fig. 11.1 Glaucoma as a Resistance Problem, Both at the TM and Past the TM. Outflow facility 
values were taken from Grant, WM (1963) [12]. Normal values (n  =  15) were obtained from 
Table 5 [12]. Open angle glaucoma values (n = 6) were taken from Table 8 [12]. Outflow facility 
values were averaged and the reciprocal calculated to determine the resistance. This table organizes 
measured resistance in normal and glaucoma eyes before and after trabeculotomy. Vertical Arrow: 
a drop in resistance in both normal and glaucoma eyes after trabeculotomy demonstrated that the 
primary resistor to outflow in the eye was the trabecular meshwork (TM). However, residual 
resistance (after trabeculotomy) was still present, denoting the amount of distal (post-TM) outflow 
resistance. Top Horizontal Arrow: comparing normal to glaucoma eyes, there was increased 
outflow resistance in glaucoma eyes implicating increased overall resistance as the cause of 
increased intraocular pressure in glaucoma. Bottom Horizontal Arrow: after trabeculotomy there 
was increased distal (post-TM) resistance in glaucoma compared to normal eyes at approximately 
the same magnitude as was seen for overall resistance (Top Horizontal Arrow). This suggested that 
the underlying pathology in glaucoma impacted the whole eye, TM and post-TM. Glaucoma = Open 
Angle Glaucoma
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AHO, TGF-β has also been implicated in glaucoma and the TM. As an exam-
ple, analyzing aqueous humor sampled during routine cataract surgery, many 
groups have detected elevated TGF-β levels in glaucomatous compared to nor-
mal eyes [18–21]. At a molecular level, this TGF-β could cause the cellular-
level increased TM ECM deposition and elevated TM rigidity described above. 
In fact, TGF-β has even been implicated in posterior segment glaucoma patho-
physiology where elevated levels may impact scleral rigidity near the optic 
nerve, potentially increasing the structural vulnerability of the optic nerve to 
high IOP [22].

For understanding TGF-β impact on distal aqueous humor outflow, it is impor-
tant to recall that while outflow resistance (and hence IOP) is increased, total AHO 
should be the same in normal and glaucomatous eyes. This is the case because (a) 
aqueous humor production is believed to be relatively stable in most eyes, and (b) 
outflow has to equal inflow. At any time, if outflow is more than inflow, the anterior 
chamber eventually becomes lost over time. Therefore, intact eyes act as constant- 
flow systems. It’s just that in glaucoma (because of increased AHO resistance), 
aqueous humor has to be pushed much harder (elevated IOP) to achieve the same 
rate of flow.

Therefore, any pathological agent in the aqueous humor that is implicated in 
glaucomatous TM alterations, in reality, just flows past the TM to potentially alter 
the distal outflow pathways as well. Similar to TGF-β mediated scleral changes near 
the optic nerve, TGF-β mediated changes have also been seen in the sclera sur-
rounding the distal outflow pathways with increased levels of alpha-smooth muscle 
actin and fibro nectin EDA [23]. This might explain the pathological distal outflow 
resistance seen by Morton Grant above [12].

Thus, to better study AHO, and in particular distal AHO, better tools are 
necessary to visualize where and how the fluid is flowing. To image trabecular/
conventional AHO, tools can be divided into two categories: structural vs. 
functional imaging with each category sub-divided into static vs. real-time 
methods.

 Structural AHO Assessment

Structural AHO assessment focuses on the evaluation of the physical outflow path-
ways themselves. In static methods (including histological techniques), the pres-
ence of outflow pathways can only be observed after tissue processing and 
sectioning. Real-time methods, like optical coherence tomography (OCT), are 
available for live subjects and amenable to longitudinal study, such as before and 
after manipulations.
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 Static Structural AHO Assessment

Static structural AHO pathway assessments have been very important for unveiling 
the basic outflow pathway anatomy and for studying disease. This is particularly 
true for the TM where a robust literature exists [13]. The same holds for the distal 
outflow pathways as well. Decades ago, histological evaluation suggested sclerosis 
of distal AHO pathways in ocular hypertensive glaucomatous eyes [24]. More 
recently, tissue herniation into CCs has been shown at high pressures [25]. Using 
electron microscopy, outflow pathways have been shown to be more complicated 
than straightforward pathways and openings. For example, CCs can have different 
configurations such as standard circular (direct oval openings off the posterior wall 
of SC) or atypical complex (composed of tethered flaps or bridges) [26]. So, while 
unveiling fundamental pathology, the disadvantage of these approaches has been the 
reliance on sampling sectioned tissue so that more global approaches visualizing 
AHO 360° around the eye have been needed.

To better visualize AHO as one unit in an intact eye, early work on the structural 
anatomy of AHO pathways also used casting agents which were injected into the 
eye, allowed to polymerize, and then after removal or digestion of ocular tissue 
isolated as three-dimensional (3D) casts [27, 28]. The advantage was that the entire 
circumferential outflow pathways around the limbus could be identified from SC to 
episcleral veins. The disadvantage was the need for firm (supraphysiologic) pres-
sure to deliver the agent and the high likelihood that artifactual anatomy was intro-
duced. More recently, 3D micro-CT has been performed on eyes that were perfusion 
fixed at physiologic pressures [29]. Identifying AHO pathways as radiolucent sig-
nal, SC and CC were re-constructed into a 3D representation [29]. In these cases, 
while demonstrating global AHO in an eye, the disadvantage of such methods were 
their incompatibility with live subjects.

 Real-Time Structural AHO Assessment

To better study structural AHO pathways in live subjects and to conduct studies in 
a more longitudinal fashion, variations of anterior-segment OCT have been cru-
cial. Here, visualization of TM, SC, and CCs have been reported by structural 
OCT. TM measurements have been made in live patients across different races [30] 
and over time at different ages [31]. Phase-based OCT (ph-OCT) has shown pulsa-
tile TM motion in both enucleated non-human primate [32] and live human eyes 
[33]. Simultaneously imaged with digital pulse-oximetry, pulsatile TM motion 
synchronized with the digital pulse (despite a temporal offset), implying a car-
diac origin.

SC and CC have been studied by OCT as well. Like 3D-micro-CT, fluid-filled 
SC and CCs provide a clear OCT hypo-reflective signal that can be identified. 
However, OCT has the advantage of being applicable to post-mortem human eyes 
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and intact eyes of living normal [34] and glaucomatous [35] individuals. Automated 
segmentation methods for SC and CCs using OCT images have been developed 
[36]. Extrapolation of SC 360-degrees around the limbus into a three-dimensional 
representation (Fig. 11.2) showed that SC had segmental anatomy with wider or 
narrower regions [36]. In various live species including humans, pilocarpine [37], 
rho-kinase (ROCK) inhibitors [38], and laser trabeculoplasty [39] have been 
reported to increase SC size. In contrast, IOP elevation has been shown to do the 
opposite [40].

Despite being able to study AHO structure in live subjects, OCT has limitations 
that in some cases are unique to the anterior segment. For example, compared to the 
posterior segment of the eye where clinical OCT imaging covers ~5–6  mm and 
where ~50–100 scans can guide surgical decisions, the distance traveled in the ante-
rior segment for AHO is much larger. For 3D reconstruction of circumferential 
AHO pathways, over 5000 B-scans was utilized in one case [36]. This was true as 
to complete comprehensive AHO OCT imaging, the entire circumference along the 
limbus must be covered (2 X π X radius [average 6 mm] = 37.68 mm which is ~6–7 
times the distance compared to retina OCT). Relevant structures such as CCs are 
also small, and ground-truth validation of OCT structures are not always present. 
Typical commercial OCTs have a B-scan to B-scan distance of ~35 microns and can 
miss CCs that are ~10 microns in size. Posterior to SC and CC, hypo-reflective OCT 
lumens are not always necessarily AHO-related because arteries, lymphatics, and 
non-AHO veins exist as well. Most importantly, unlike posterior-segment OCT 
which has tracking and reference functions that allow imaging of the same retina 
location longitudinally over time [41], in anterior segment OCT this functionality 
does not exist. Therefore, it becomes difficult for investigators to know if AHO 

Fig. 11.2 Optical Coherence Tomography (OCT) structural aqueous humor outflow assessment. 
Anterior-segment OCT was performed on the right eye of a 35-year old male circumferentially 
around the limbus. Automated segmentation identified outflow lumens (Schlemm’s canal [SC] and 
collector channels [CC]) that were reconstructed to show small a small 3D segment containing SC 
(white arrow) and CCs (blue circles)
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pathway imaging across two sessions are really imaging the same structures at the 
same orientation. All it takes is a shift in the image acquisition angle to make a 
single SC appear bigger of smaller across different image acquisition sessions.

Finally, despite being able to visualize AHO structure, the relationship between 
structural characteristics and actual fluid flow is unclear. For example, it is not clear 
whether complex vs. simple CC orifices or larger vs. smaller OCT outflow lumens 
necessarily equate to easier or more difficult AHO. In the case of OCT AHO lumens, 
a large pathway could represent a low-resistance pathway that facilitates AHO or a 
stagnant pocket of fluid that is trapped in an outflow cul-du-sac. Therefore, while 
anterior segment OCT imaging of AHO pathways has the enormous advantage of 
being non-invasive, in the future, significantly more anterior segment OCT research 
on AHO structural mapping coupled with technological advances are needed. In the 
meantime, functional assessment of fluid flow may be easier to understand.

 Functional AHO Assessment

In functional AHO assessment, tracers are introduced into the eye and followed as a 
proxy for AHO.  Therefore, tracer-based studies are an alternative approach that 
simply asks “where is the fluid going” regardless of anatomic detail. The difference 
between static and real-time methods have to do with the choice of tracer and 
method of visualization.

 Static Functional AHO Assessment

Static functional AHO assessment usually employs tracers such as gold particles, 
fluorescent microspheres, or quantum dots that could range in size from (0.01 to 20 
micons) [15, 25, 42–45]. Since water (the primary constituent of aqueous humor) 
has a molecular weight of 18 g/mol or daltons (Da), these larger tracers (~103–107 Da) 
were usually caught in the TM which then required ocular dissection with visualiza-
tion of tracer location either by whole-mount with exposed TM or as fixed histologi-
cal section containing AHO pathways. Due to tracer accumulation at filtration 
points, static AHO imaging was quite useful in visualizing flow at the TM or CCs. 
Unfortunately, these methods were not compatible with live subjects.

Static methods were one of the first to suggest the idea of segmental AHO. Using 
post-mortem cow and human eyes, early work using isolated anterior segment organ 
culture allowed quantification of fluorescent TM uptake. Percent effective filtration 
length (PEFL) was determined in histological section by dividing the length (L) 
over which tracers were observed by the total length (TL) of TM sectioned 
(PEFL = L/TL) [25]. It was found that AHO did not occur uniformly circumferen-
tial around the limbus but instead arose in focused segmental areas.
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Static method have also been useful in studying basic TM/SC biology and seg-
mental AHO. Rho-kinase inhibitors were found to abolish AHO segmentalization as 
seen by gold particle distribution during electron microscopic analyses of SC cells 
[42]. In fluorescent microsphere studies, segmental TM uptake in wild-type mice 
became more homogeneous in a Secreted Protein Acidic and Rich in Cysteine 
(SPARC) mutant [43].

To probe the underlying biological difference between high- and low-flow TM 
regions, said regions were identified by fluorescent microbead accumulation and 
isolated to enrich for biological differences. An increase in versican (a large extra-
cellular matrix proteoglycan) was seen at the RNA and protein level in low-flow 
human TM [44]. Gene expression analyses with some immunofluorescence confir-
mation revealed increases in collagen and matrix metalloproteinases in high-flow 
regions [45]. Structurally, low-flow regions were noted to be biomechanically stiffer 
with an elevated elastic modulus [14].

For TM cells and at an electron microscopic level, micron-sized pores (I-pores: 
intracellular pores for fluid flow across a cell; B-pores: border pores for paracellular 
flow between cells) have been hypothesized to move fluid past the contiguous bor-
der between the inner-wall of SC and the juxtacanalicular TM [15]. Segmental 
tracer accumulation positively correlated with total pore and B-pore density, sug-
gesting that the paracellular pores represented the dominant pathway for transendo-
thelial filtration across the SC inner-wall [15].

 Real-Time Functional AHO Assessment

Since static functional AHO assessment methods were not compatible with live 
subjects, to move in a clinical direction, real-time methods were developed. Here, 
tracers were soluble and methods utilized clinical instrumentation found in clinics 
and operating rooms. Overall, 3 major methods exist to visualize real-time AHO in 
living subjects: the episcleral venous fluid wave, canalography, and aqueous 
angiography.

 Episcleral Venous Fluid Wave

The episcleral venous fluid wave (EVFW) was developed in the operating room 
using standard cataract surgery perfusion equipment [46]. By delivering a clear per-
fusate into the anterior chamber, AHO pathways were identified on the ocular sur-
face in live patients by looking for the disappearance of blood from episcleral veins 
viewed through a surgical microscope. When studied retrospectively, a statistically 
significant correlation was seen between patients with observable episcleral fluid 
waves and better surgical success using trabecular ablation [47]. The advantage of 
this technique was that it was easily accessible and familiar to anterior segment 
ophthalmic surgeons. However, several disadvantages were present as well. First, 
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irrigation of perfusate into the eye using commercial phacoemulsification units 
occurred at high and supra-physiologic pressures. Second, relying on a loss of sig-
nal or disappearance of episcleral veins could be a challenge. Loss-of-signal 
approaches require surgeons to recognize, record, and remember the episcleral 
venous pattern before the perfusate is pushed forward in order to identify what 
was lost.

 Canalography

Canalography (sometimes termed channelography) is another real-time method that 
relied on direct introduction of fluorescent tracers (fluorescein, indocyanine green 
[ICG], or trypan blue) into SC [48–50]. This could occur as direct tracer injection 
into SC during deep sclerectomy or canaloplasty surgeries. Alternatively, during the 
canaloplasty step where the fiber-optic catheter is backed out of the eye with deliv-
ery of viscoelastic to achieve a viscocanulostomy, a fluorescent tracer could be sub-
stituted for the viscoelastic instead. While showing distal AHO anatomy, 
canalograms didn’t show physiologic AHO since tracer introduction occurred after 
the TM (in the SC). Therefore, the result was more akin to what AHO could look 
like after 360-degree trabeculotomy. Also, direct injection of tracer into SC or via 
the canaloplasty catheter would be at high (supra-physiologic) pressure, and intro-
ducing the tracer while the canaloplasty catheter was being backed out of the eye 
would not achieve delivery of tracer to all portions of the circumferential outflow 
pathways simultaneously.

 Aqueous Angiography

To complement canalograms, aqueous angiography was devised. Aqueous angiog-
raphy was developed in a bedside to bench to bedside approach by starting in the 
clinic and operating room [16, 51, 52]. Clinical equipment (such as the Spectralis 
HRA + OCT [Heidelberg Engineering, Heidelberg, Germany] and operating room 
blades and tubing) was brought into the laboratory to develop aqueous angiography. 
Using post-mortem eyes, fluorescein or ICG was delivered into pig [52], bovine 
[53], cat [54], and human eyes [52, 55] (Fig. 11.3) at physiologic pressures, and 
AHO was imaged utilizing the angiographic function on the Spectralis. This was 
akin to using the Spectralis to visualize retinal blood flow [56] after intravenous 
tracer delivery except here the tracer was delivered in the anterior chamber and the 
angiographic camera pointed at the ocular surface.

Regardless of species tested, segmental AHO patterns were seen [52–55]. 
Angiographic patterns were validated as AHO by using concurrent anterior segment 
OCT. Regions with (but not without) angiographic signal demonstrated instrascleral 
lumens capable of carrying AHO [52–55] (Fig. 11.4). Fixable fluorescent dextrans 
also provided aqueous angiographic signal and could be trapped by post- angiography 
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fixation. Here, regions with (but not without) angiographic signal showed fluores-
cent dextrans trapped in AHO pathways [52–55] (Fig. 11.5).

Aqueous angiography was also useful in the laboratory to study fundamental 
outflow concepts. After performing aqueous angiography on post-mortem human 
eyes, TM near-adjacent high- and low-flow angiographic regions were identified 
and dissected, thereby enriching biological differences. Immunofluorescence 
and biochemical testing showed increased levels of versican and TGF-β pathway 
proteins [57]. This supported the role of TGF-β in regulating outflow and “Static 
Functional AHO Assessment” results above. Additionally, given that aqueous 
angiography was viewed from the ocular surface (the only view that a surgeon 
would see because surgeons could not possibly see intraocular TM trapping of 
larger tracers without opening the eye and looking internally), these results con-
firmed that clinical and external aqueous angiographic patterns were reflective of 
underlying TM biology within the eye.

a b c

d e f

Fig. 11.3 Aqueous angiography in enucleated human eyes. Aqueous angiography was performed 
on enucleated eyes from two female subjects not known to have glaucoma at 10 mm Hg (subject 
1 = a–c and subject 2 = d–f). Both right and left eyes from each subject were investigated and 
shown at 10–25 s. a/d) Composite cSLO infrared (left-side) and pre-injection background images 
(right-side) are shown from the right eyes of these two subjects. S  =  superior; T  =  temporal, 
N = nasal; I = inferior. AC = anterior chamber, TM = trabecular meshwork, SC = Schlemm’s Canal. 
Scale bars = 1 cm. Adapted from Saraswathy et al. (2016) PLoS One Jan 25;11 (1):e0147176.doi: 
https://doi.org/10.1371/journal.pone.0147176. eCollection 2016 [52]
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To bring aqueous angiography to live testing, the FLEX module (Heidelberg 
Engineering) was developed. The FLEX module was a modified surgical boom arm 
upon which the Spectralis was installed for angiographic or OCT imaging in any 
body position. Using the FLEX module, aqueous angiography was performed in 
live non-human primates [58] and humans [59] using fluorescein and ICG in the 
operating room (Fig. 11.6). Results continued to demonstrate segmental AHO pat-
terns. Again, to validate the angiographic signal as compatible for outflow, using 
multi-modal imaging, concurrent OCT on (but not off) angiographic structures 
showed intrascleral lumens capable of carrying aqueous [58, 59]. Concurrent to 

a b

c d

e f

g h

i j

Fig. 11.4 Aqueous angiography and optical coherence tomography (OCT). Aqueous angiography 
was conducted in pig eyes in parallel with anterior segment OCT. (a/g) Angiographically positive 
areas (arrowheads) correlated with (b/h) intrascleral lumens on OCT (arrows). (c/i) In contrast, 
angiographically lacking areas (arrowheads) were (d/j) devoid of intrascleral lumens on OCT 
(arrows). (e) Angiographically positive areas could be associated with a classical “side-ways Y” 
aqueous vein (asterisk). Adapted from Saraswathy et al. (2016) PLoS One Jan 25;11 (1):e0147176.
doi: https://doi.org/10.1371/journal.pone.0147176. eCollection 2016 [52]
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aqueous angiography, infrared (IR) imaging showed overlap of aqueous angio-
graphic vessels with episcleral veins [58, 59]. In addition to segmental patterns, a 
pulsatile behavior similar to ph-OCT [32, 33] results was seen. Rare dynamic 
behaviors were also documented as regions with or without aqueous angiographic 
signal had the ability to lose or develop signal [58, 59], respectively. This showed 
for the first time that AHO was not static but could move across the eye, thereby 
unveiling new points of potential regulation.

Since the Spectralis HRA could detect both fluorescein and ICG, sequential 
angiography was additionally developed in single eyes with ICG followed by fluo-
rescein. Results showed similar patterns between the two tracers [53, 55]. This 
established a method where a baseline ICG angiographic pattern for a particular eye 
could be determined followed by an intervention and then fluorescein aqueous angi-
ography to test the impact of the intervention. This approach was first tested in the 
lab using post-mortem bovine [53] and human eyes [55], and it showed that 

a b c

d e f

Fig. 11.5 Aqueous angiography localizes to AHO pathways. Aqueous angiography was con-
ducted with 3 kD fixable fluorescent dextrans in pig eyes. Two representative eyes (a–c and d–f) 
are shown here. Angiographically positive (a/d; green lines) or diminished (a/d; red lines) regions 
were identified with aqueous angiography and then sectioned. In the first eye (a–c), angiographi-
cally positive (green line in a corresponds to panel b) but not angiographically negative (red line 
in a corresponds to panel c) regions showed trapping of dextrans within outflow pathways. In the 
second eye (d–f), angiographically positive (green line in d corresponds to panel e) but not angio-
graphically negative (red line in d corresponds to panel f) regions also showed trapping of dextrans 
within outflow pathways. Note similar degree of non-specific fluorescence seen in Descemet’s 
membrane in all cases (asterisks). AP aqueous plexus; TM trabecular meshwork; AC anterior 
chamber. Scale bar = 100 microns. Adapted from Saraswathy et al. (2016) PLoS One Jan 25;11 
(1):e0147176.doi: https://doi.org/10.1371/journal.pone.0147176. eCollection 2016 [52]
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trabecular bypass (iStent Inject; Glaukos Corporation) had the capability to rescue 
regions of initially low angiographic signal. This method was further modified for 
live humans where experiments have shown a similar result. In glaucoma patients, 
initially poor ICG angiographic regions could be improved after trabecular bypass 
stenting as assessed by fluorescein aqueous angiography [23].

 Conclusion

In conclusion, AHO is critically important to stable vision as evidenced by its role 
in tissue nourishment and optics. However, dis-regulation of AHO can occur 
resulting in elevated IOP and the largest risk factor for glaucomatous optic neu-
ropathy. AHO has many determinants and seminal work has long-established the 
crucial role of the TM in outflow resistance although there is emerging evidence 
regarding the importance of the distal AHO pathways and segmental AHO as 
well. Essential to studying AHO as an entire unit (both TM and distal) better 
structural and functional tools are needed and under development in both the labo-
ratory and clinical space.

Acknowledgements Funding for this work came from National Institutes of Health, Bethesda, 
MD (R01EY030501 [ASH]); Research to Prevent Blindness Career Development Award 2016 
[ASH]; and an unrestricted grant from Research to Prevent Blindness (New York, NY).

Fig. 11.6 Aqueous 
angiography in a live 
normal human subject. 
Aqueous angiography was 
performed on a 75-year old 
Asian female during 
routine cataract surgery. 
Indocyanine green was 
introduced into the anterior 
chamber at 20 mm Hg and 
the patient asked to look 
temporal, exposing the 
post-limbal nasal portion 
of the eye. Arrows point 
out Y-shaped angiographic 
aqueous and 
episcleral veins

11 Aqueous Humor Outflow



182

References

 1. Brubaker RF. Goldmann’s equation and clinical measures of aqueous dynamics. Exp Eye Res. 
2004;78(3):633–7.

 2. Goel M, Picciani RG, Lee RK, Bhattacharya SK. Aqueous humor dynamics: a review. Open 
Ophthalmol J. 2010;4:52–9.

 3. Civan MM, Macknight AD. The ins and outs of aqueous humour secretion. Exp Eye Res. 
2004;78(3):625–31.

 4. Ruskell GL. An ocular parasympathetic nerve pathway of facial nerve origin and its influence 
on intraocular pressure. Exp Eye Res. 1970;10(2):319–30.

 5. Phelps CD, Thompson HS, Ossoinig KC. The diagnosis and prognosis of atypical carotid- 
cavernous fistula (red-eyed shunt syndrome). Am J Ophthalmol. 1982;93(4):423–36.

 6. Johnson M, McLaren JW, Overby DR. Unconventional aqueous humor outflow: a review. Exp 
Eye Res. 2017;158:94–111.

 7. S HA, Structure NWR. Mechanism of uveoscleral outflow. In: Francis BA, Sarkisian SR, Tan 
JC, editors. Minimally invasive glaucoma surgery. New York: Thieme; 2017.

 8. Yucel YH, Johnston MG, Ly T, et al. Identification of lymphatics in the ciliary body of the 
human eye: a novel “uveolymphatic” outflow pathway. Exp Eye Res. 2009;89(5):810–9.

 9. Toris CB, Yablonski ME, Wang YL, Camras CB.  Aqueous humor dynamics in the aging 
human eye. Am J Ophthalmol. 1999;127(4):407–12.

 10. Bill A, Phillips CI. Uveoscleral drainage of aqueous humour in human eyes. Exp Eye Res. 
1971;12(3):275–81.

 11. Bill A. Conventional and uveo-scleral drainage of aqueous humour in the cynomolgus monkey 
(Macaca irus) at normal and high intraocular pressures. Exp Eye Res. 1966;5(1):45–54.

 12. Grant WM.  Experimental aqueous perfusion in enucleated human eyes. Arch Ophthalmol. 
1963;69:783–801.

 13. Johnson M.  What controls aqueous humour outflow resistance? Exp Eye Res. 
2006;82(4):545–57.

 14. Vranka JA, Staverosky JA, Reddy AP, et  al. Biomechanical rigidity and quantitative pro-
teomics analysis of segmental regions of the trabecular meshwork at physiologic and elevated 
pressures. Invest Ophthalmol Vis Sci. 2018;59(1):246–59.

 15. Braakman ST, Read AT, Chan DW, et al. Colocalization of outflow segmentation and pores 
along the inner wall of Schlemm’s canal. Exp Eye Res. 2015;130:87–96.

 16. Huang AS, Mohindroo C, Weinreb RN. Aqueous humor outflow structure and function imag-
ing at the bench and bedside: a review. J Clin Exp Ophthalmol. 2016;7(4)

 17. Tandon A, Tovey JC, Sharma A, et al. Role of transforming growth factor Beta in corneal func-
tion, biology and pathology. Curr Mol Med. 2010;10(6):565–78.

 18. Tripathi RC, Li J, Chan WF, Tripathi BJ. Aqueous humor in glaucomatous eyes contains an 
increased level of TGF-beta 2. Exp Eye Res. 1994;59(6):723–7.

 19. Tamm ER, Fuchshofer R. What increases outflow resistance in primary open-angle glaucoma? 
Surv Ophthalmol. 2007;52(Suppl 2):S101–4.

 20. Ochiai Y, Ochiai H.  Higher concentration of transforming growth factor-beta in aqueous 
humor of glaucomatous eyes and diabetic eyes. Jpn J Ophthalmol. 2002;46(3):249–53.

 21. Inatani M, Tanihara H, Katsuta H, et al. Transforming growth factor-beta 2 levels in aqueous 
humor of glaucomatous eyes. Graefes Arch Clin Exp Ophthalmol. 2001;239(2):109–13.

 22. Quigley HA. The contribution of the sclera and lamina cribrosa to the pathogenesis of glau-
coma: diagnostic and treatment implications. Prog Brain Res. 2015;220:59–86.

 23. Huang AS, Penteado RC, Papoyan V, Voskanyan L, Weinreb RN. Aqueous angiographic out-
flow improvement after trabecular microbypass in glaucoma patients. Ophthalmol Glaucoma. 
2019;2(1):11–21.

 24. Dvorak-Theobald G, Kirk HQ.  Aqueous pathways in some cases of glaucoma. Am J 
Ophthalmol. 1956;41(1):11–21.

G. Akiyama et al.



183

 25. Battista SA, Lu Z, Hofmann S, et al. Reduction of the available area for aqueous humor out-
flow and increase in meshwork herniations into collector channels following acute IOP eleva-
tion in bovine eyes. Invest Ophthalmol Vis Sci. 2008;49(12):5346–52.

 26. Bentley MD, Hann CR, Fautsch MP. Anatomical variation of human collector channel orifices. 
Invest Ophthalmol Vis Sci. 2016;57(3):1153–9.

 27. Ashton N. Anatomical study of Schlemm’s canal and aqueous veins by means of neoprene 
casts. Part I. Aqueous veins. Br J Ophthalmol. 1951;35(5):291–303.

 28. Van Buskirk EM. The canine eye: the vessels of aqueous drainage. Invest Ophthalmol Vis Sci. 
1979;18(3):223–30.

 29. Hann CR, Bentley MD, Vercnocke A, et al. Imaging the aqueous humor outflow pathway in 
human eyes by three-dimensional micro-computed tomography (3D micro-CT). Exp Eye Res. 
2011;92(2):104–11.

 30. Chen RI, Barbosa DT, Hsu CH, et al. Ethnic differences in trabecular meshwork height by 
optical coherence tomography. JAMA Ophthalmol. 2015;133(4):437–41.

 31. Gold ME, Kansara S, Nagi KS, et al. Age-related changes in trabecular meshwork imaging. 
Biomed Res Int. 2013;2013:295204.

 32. Hariri S, Johnstone M, Jiang Y, et al. Platform to investigate aqueous outflow system struc-
ture and pressure-dependent motion using high-resolution spectral domain optical coherence 
tomography. J Biomed Opt. 2014;19(10):106013.

 33. Li P, Shen TT, Johnstone M, Wang RK. Pulsatile motion of the trabecular meshwork in healthy 
human subjects quantified by phase-sensitive optical coherence tomography. Biomed Opt 
Express. 2013;4(10):2051–65.

 34. Kagemann L, Wollstein G, Ishikawa H, et al. Visualization of the conventional outflow path-
way in the living human eye. Ophthalmology. 2012;119(8):1563–8.

 35. Kagemann L, Wollstein G, Ishikawa H, et  al. Identification and assessment of Schlemm’s 
canal by spectral-domain optical coherence tomography. Invest Ophthalmol Vis Sci. 
2010;51(8):4054–9.

 36. Huang AS, Belghith A, Dastiridou A, et al. Automated circumferential construction of first- 
order aqueous humor outflow pathways using spectral-domain optical coherence tomography. 
J Biomed Opt. 2017;22(6):66010.

 37. Li G, Farsiu S, Chiu SJ, et al. Pilocarpine-induced dilation of Schlemm’s canal and prevention 
of lumen collapse at elevated intraocular pressures in living mice visualized by OCT. Invest 
Ophthalmol Vis Sci. 2014;55(6):3737–46.

 38. Li G, Mukherjee D, Navarro I, et al. Visualization of conventional outflow tissue responses to 
netarsudil in living mouse eyes. Eur J Pharmacol. 2016;787:20–31.

 39. Skaat A, Rosman MS, Chien JL, et al. Microarchitecture of Schlemm Canal before and after 
selective laser trabeculoplasty in enhanced depth imaging optical coherence tomography. J 
Glaucoma. 2017;26(4):361–6.

 40. Kagemann L, Wang B, Wollstein G, et  al. IOP elevation reduces Schlemm’s canal cross- 
sectional area. Invest Ophthalmol Vis Sci. 2014;55(3):1805–9.

 41. Huang AS, Kim LA, Fawzi AA. Clinical characteristics of a large choroideremia pedigree car-
rying a novel CHM mutation. Arch Ophthalmol. 2012;130(9):1184–9.

 42. Sabanay I, Gabelt BT, Tian B, et al. H-7 effects on the structure and fluid conductance of mon-
key trabecular meshwork. Arch Ophthalmol. 2000;118(7):955–62.

 43. Swaminathan SS, Oh DJ, Kang MH, et al. Secreted protein acidic and rich in cysteine (SPARC)-
null mice exhibit more uniform outflow. Invest Ophthalmol Vis Sci. 2013;54(3):2035–47.

 44. Keller KE, Bradley JM, Vranka JA, Acott TS. Segmental versican expression in the trabecular 
meshwork and involvement in outflow facility. Invest Ophthalmol Vis Sci. 2011;52(8):5049–57.

 45. Vranka JA, Bradley JM, Yang YF, et  al. Mapping molecular differences and extracellular 
matrix gene expression in segmental outflow pathways of the human ocular trabecular mesh-
work. PLoS One. 2015;10(3):e0122483.

 46. Fellman RL, Grover DS. Episcleral venous fluid wave: intraoperative evidence for patency of 
the conventional outflow system. J Glaucoma. 2014;23(6):347–50.

11 Aqueous Humor Outflow



184

 47. Fellman RL, Feuer WJ, Grover DS.  Episcleral venous fluid wave correlates with trabec-
tome outcomes: intraoperative evaluation of the trabecular outflow pathway. Ophthalmology. 
2015;122(12):2385–91.e1.

 48. Grieshaber MC.  Ab externo Schlemm’s canal surgery: viscocanalostomy and canaloplasty. 
Dev Ophthalmol. 2012;50:109–24.

 49. Zeppa L, Ambrosone L, Guerra G, et al. Using canalography to visualize the in vivo aqueous 
humor outflow conventional pathway in humans. JAMA Ophthalmol. 2014;132(11):1281.

 50. Grieshaber MC, Pienaar A, Olivier J, Stegmann R. Clinical evaluation of the aqueous out-
flow system in primary open-angle glaucoma for canaloplasty. Invest Ophthalmol Vis Sci. 
2010;51(3):1498–504.

 51. Huang AS, Francis BA, Weinreb RN. Structural and functional imaging of aqueous humour 
outflow: a review. Clin Exp Ophthalmol. 2018;46(2):158–68.

 52. Saraswathy S, Tan JC, Yu F, et al. Aqueous angiography: real-time and physiologic aqueous 
humor outflow imaging. PLoS One. 2016;11(1):e0147176.

 53. Huang AS, Saraswathy S, Dastiridou A, et al. Aqueous angiography with fluorescein and indo-
cyanine green in bovine eyes. Transl Vis Sci Technol. 2016;5(6):5.

 54. Snyder KC, Oikawa K, Williams J, Kiland JA, Gehrke S, Teixeira LBC, Huang AS, McLellan 
GJ. Imaging distal aqueous outflow pathways in a spontaneous model of congenital glaucoma. 
Transl Vis Sci Technol. 2019;8(5):22.

 55. Huang AS, Saraswathy S, Dastiridou A, et al. Aqueous angiography-mediated guidance of tra-
becular bypass improves angiographic outflow in human enucleated eyes. Invest Ophthalmol 
Vis Sci. 2016;57(11):4558–65.

 56. Keane PA, Sadda SR. Imaging chorioretinal vascular disease. Eye (Lond). 2010;24(3):422–7.
 57. Saraswathy S, Bogarin T, Barron E, Francis BA, Tan JCH, Weinreb RN, Huang AS. Segmental 

differences found in aqueous angiographic-determined high – and low-flow regions of human 
trabecular meshwork. Exp Eye Res. 2020;196:108064.

 58. Huang AS, Li M, Yang D, et al. Aqueous angiography in living nonhuman primates shows 
segmental, pulsatile, and dynamic angiographic aqueous humor outflow. Ophthalmology. 
2017;124(6):793–803.

 59. Huang AS, Camp A, Xu BY, et al. Aqueous angiography: aqueous humor outflow imaging in 
live human subjects. Ophthalmology. 2017;124(8):1249–51.

G. Akiyama et al.



185© Springer Nature Switzerland AG 2021
I. Pallikaris et al. (eds.), Ocular Rigidity, Biomechanics and Hydrodynamics of 
the Eye, https://doi.org/10.1007/978-3-030-64422-2_12

Chapter 12
Ocular Rigidity and Tonometry

Jibran Mohamed-Noriega and Keith Barton

 Introduction

In the current management of patients with glaucoma, the only modifiable factor that 
has been proven to reduce the rate of progression is IOP. It can be evaluated by digital 
palpation, invasive manometry inside the eye, or tonometry through the coating layers 
of the eye. In this chapter, we will explore the mechanisms of action of different tonom-
eters and how they are affected by OR and by changes in OR induced by surgery.

 What Is Tonometry, and Description of Different Tonometers?

 Applanation Tonometers

 Goldmann Applanation Tonometer (GAT)

The current reference standard for tonometry is the Goldmann Applanation 
Tonometer (GAT), introduced by Hans Goldmann and Theo Schmidt in 1957 [1]. 
Since then, a variety of instruments have been developed for the same purpose but 
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utilising different mechanisms. The continuing development of new instruments 
reflects the dissatisfaction of clinicians with some aspects of each of the currently 
available tonometers. An ideal tonometer for clinical use should be an inexpensive, 
easy to use instrument that exposes the patient to no risk of harm, while accurately 
measuring the true IOP in a precise way and capturing all of the IOP characteristics 
that are relevant for glaucoma management. Unfortunately, all current tonometers 
fail to satisfy these requirements. A problem with GAT, which is common to many 
tonometers, is that they rely on the so-called Imbert-Fick law. This law has been 
described predominantly in the ophthalmic literature and has been found to have 
little validity in modelling exercises [2]. It postulates that the pressure inside a 
sphere (P) that is filled with a liquid and is surrounded by a dry, extremely thin, and 
perfectly flexible membrane is proportional to the force (W) required to flatten an 
area (A) of the membrane.

 W P A� �  

However, the layers comprising the wall of the eye (cornea or sclera) are neither 
extremely thin nor perfectly flexible. In addition, the cornea is covered by a tear film 
layer that creates surface tension that attracts the tip of the GAT. To overcome these 
violations of the assumptions required in the previous formula, Goldmann included 
corneal resistance to applanation (b) and the surface tension created by the tear 
film (s).

 W s P A b� � � �  

GAT flattens an area of the cornea of 7.35 mm2 that was defined based on two 
theoretical advantages: (1) at this area the surface tension (s) and the resistance to 
applanation (b) forces cancel each other, so that an equilibrium between the forces 
is theoretically reached, and (2) the force in grams (W) required to flatten the cornea 
multiplied by 10 is equivalent to the IOP in mmHg (Fig. 12.1c).

 Non-contact Tonometer (NCT)

The requirement of topical anaesthesia and trained staff to use GAT has encour-
aged companies to produce tonometers that can be operated with minimal training, 
without direct contact with the cornea, and without the need for topical anaesthe-
sia. In 1972 Grollman reported the principles of the first NCT to measure the 
IOP [3].

NCT is a type of applanation tonometry, based on a similar principle to GAT. A 
fixed area of the cornea is flattened (10.18 mm2), but instead of touching the cornea, 
as in GAT, NCT uses a jet of air. A sensor measures the force of the air required to 
flatten the cornea over a predefined area. The instrument recognises that the desired 
flattening of the cornea has been reached when the flattened cornea acts as a plane 
mirror to light emitted by the instrument and recorded by an optical sensor.
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 Pneumotonometer

In 1965, when many clinicians considered IOP to be almost the only factor involved 
in glaucoma pathogenesis, Durham et al. [4] reported an instrument that was able to 
measure the IOP continuously. This new instrument was called pneumatic applana-
tion tonometry because it was based on a similar principle to GAT but, used a flow 
of gas to move a 5 mm (area of 19.6 mm2) diameter silicone membrane toward the 
cornea, until it flattened an area equal to that of the silicone membrane. A transducer 
measured the force required by the gas to flatten 19.6 mm2 of the corneal surface. 
The pulsatile characteristics of the IOP measurements were continuously plotted on 
a moving chart.

 Shiotz Indentation Tonometer

Before the development of GAT, the most extensively used instrument was the 
indentation tonometer designed by Hjalmar Shiotzin 1905. It was used with the 
patient in the supine position, and the IOP was measured, based on the degree of 
indentation of the globe produced by a plunger with different weights. The main 
principle was that a known force (the weight of the plunger and weights) indented 
the eye more or less if the IOP was low or high, respectively.

a b c d

Fig. 12.1 Shows the tips of some of the most commonly used tonometers, both side and end on. 
(a) iCare, (b) DCT, (c) disposable GAT, and (d) Tonopen
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 Instruments Designed to Measure the IOP Less Influenced by 
the Corneal Biomechanics

New tonometers have attempted to circumnavigate corneal biomechanics in order to 
obtain IOP measurements that are less influenced by these characteristics and closer 
to the true IOP.

 Pascal Dynamic Contour Tonometer (DCT)

In 2002, Kanngiesser [5] described a completely new approach to tonometry. The aim 
was to reduce the influence of corneal thickness and radius of curvature. They designed 
a 7 mm diameter Goldmann-like tip with a concave surface (10.5 mm radius of curva-
ture) based on the ideal shape that would continuously and directly record the pressure. 
A piezoelectric pressure sensor was built into the centre of the concave surface. This 
Goldmann-like tip is mounted on a slit-lamp, and the operator moved the tip forward 
until it was just in contact with the cornea (Fig. 12.1b). The tip maintained contact with 
the cornea for 5–10 s. The convex shape of the cornea adapted to that of the tip with 
minimal deformation allowed the piezoelectric sensor to constantly recorded the pres-
sure. The ability to continuously measure the IOP permitted the recording of diastolic 
and systolic IOP readings. The difference between these was reported as the ocular pulse 
amplitude (OPA), and the diastolic reading was reported as the IOP value.

 Applanation Resonance Tonometer (ART)

In 2000 a new piezoelectric sensor, based on vibration technology, was developed 
to measure IOP [6, 7]. This tonometer is available as a portable instrument or 
mounted in a slit-lamp. It has a Goldmann-like tip, 4 mm in diameter that touches 
the cornea with a constant force, measuring the change in frequency of vibration on 
contact with the cornea. From the shift in the frequency, the software calculates the 
area of the cornea that has been flattened and reports the IOP following the same 
Imbert-Fick law as GAT. Continuous contact with the cornea (2 s) allows the device 
to produce multiple IOP readings and calculate a single final result.

 Instruments Designed to Measure the IOP and Aspects 
of the Corneal Biomechanics

Some instruments have taken a different approach to reduce the influence of corneal 
biomechanics. Instead of creating a device that is less affected by corneal biome-
chanics, this group of instruments measure some characteristics of the corneal bio-
mechanics that are likely to be a source of error in the IOP estimation. These devices 
produce metrics for corneal biomechanical characteristics and finally, report an IOP 
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value that is analogous to applanation tonometry or corrected, based on the identi-
fied corneal biomechanics.

 Ocular Response Analyzer (ORA)

This instrument is described in detail as a surrogate for the measurement of OR in 
Sect. “Applanation Tonometer”. Briefly, it was the first instrument with the ability 
to measure some of the biomechanical characteristics of the cornea. In 2005 Reichert 
Inc. published the first results of their new instrument that combined a jet of air, 
similar to NCT, with an electro-optical collimation detector system that measures 
the changes in the curvature of the eye in the central 3.0 mm of the cornea during 
the 20 ms measurement [8]. The company coined the terms corneal hysteresis (CH) 
to refer to the difference in the two IOP measurement recorded when the cornea is 
flattened (CH = P1-P2) and corneal resistance factor (CRF) to refer to the difference 
of P1 and P2 and a constant (k) that considers the relationship between pressure and 
CCT (CRF = P1-kP2). The jet of air pushes the cornea and changes it from a convex 
to a concave curvature during the 20 ms measurement. During this change in cor-
neal curvature, the cornea is flattened twice, during its inward and outward trajec-
tory. The difference in the IOP values from the inward and outward flattenings is 
mostly due to the energy absorbed due to the corneal tissue’s viscoelastic properties.

 Corneal Visualization Scheimpflug Technology (Corvis ST)

In 2011, in an effort to characterise the biomechanical characteristics of the cornea 
better, OCULUS (Optikgeräte GmbH) presented the first results from an instrument 
that is designed to combine the principles of non-contact tonometry with an ultra- high- 
speed Scheimpflug camera [9]. The sensor measures the force in the jet of air required 
for the first applanation of the cornea and produces an IOP reading that is similar to 
NCT. A single Scheimpflug image is used to measure the central corneal thickness. 
The video output, with 4330 images per second, is used to measure diversity of param-
eters such as length and velocity of the first and second applanation, and the amplitude 
and time to reach the highest concavity. The clinical report displays many of these 
biomechanical characteristics including IOP both uncorrected and corrected for CCT.

 Instruments Designed to Be Portable

 Hand-Held Applanation Tonometer (Perkins Tonometer)

In an effort to stretch the potential use of GAT into screening programmes, supine 
position, and animal research, E. S. Perkins published in 1965 the characteristics of 
a hand-held tonometer that was based on the same principles as GAT [10]. It weighs 
around 1 kg, is fully portable, and can also be used in the supine position.

12 Ocular Rigidity and Tonometry



190

 Tonopen

In 1959 Mackay and Marg described possible types of tonometers that could be 
faster, automatic, accurate, repeatable, gentle, and able to produce a direct-reading. 
They reported a new tonometer that combined characteristics of applanation and 
indentation tonometry [10]. Similarly to GAT, it used an approximate applanation 
area of 7 mm2 but was combined with a small plunger of approximately 1.5 mm in 
diameter that measured the pressure electronically in a similar manner to indenta-
tion tonometry [11]. The reduction in the size of the plunger that directly measured 
the IOP from the flattened cornea was postulated to reduce the influence of corneal 
biomechanical characteristics. The original Mackay-Marg tonometer is no longer 
commercially available, but the Tonopen, a portable tonometer, simple to use and 
unaffected by position, is based on a similar principle [12] (Fig. 12.1d).

 iCare

In the 1930s the concept of ballistic tonometry was used to refer to a new type of 
tonometer that measured the IOP based on the dynamic response of a small hammer 
striking the cornea at a constant and known speed [13]. Over the years this type of 
tonometry was renamed “rebound tonometry” and was translated into a commer-
cially available portable device [14]. This instrument was designed to be used with-
out local anaesthesia, be fully portable, and based on a principle of tonometry other 
than applanation or indentation. It uses a 1 mm diameter probe that strikes the cor-
nea at a known speed, and the instrument measures the deceleration of the probe 
when it rebounds after the impact (Fig. 12.1a).

 ART

The ART tonometer, described above (Sect. “Applanation Resonance Tonometry”), 
can be used with a handheld adapter as a portable tonometer. As the tip of the 
tonometer moves towards the cornea automatically, when handheld, it can obtain 
IOP measurement in any position.

 Portable Non-contact Tonometer

Portable NCT technology has been available since the late 1980s when the Pulsair 
tonometer became commercially available [15]. More recently the PT-100 tonometer, 
using the same NCT technology, is a newer, lighter, and more portable version [16].

Table 12.1 briefly summarises the mechanism that each tonometer uses to mea-
sure IOP, advantages, disadvantages, IOP results in comparison to GAT, and how 
much is influenced by OR. Unfortunately, all the available instruments are affected 
to a certain extent by other forces in addition to the true IOP and the results should 
be interpreted with care.
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Table 12.1 Summary table of available tonometers, along with their advantages, disadvantages 
and relation to GAT readings and OR

Mechanism of 
action Tonometer Advantages Disadvantages

IOP results 
in 
comparison 
to GAT 
(17)a

Degree of 
influence 
by ocular 
rigidity

Indentation Shiotz Very 
affordable
Easy to use

Direct contact
Supine 
position

−0.24 (−6.6 
to 6.1)a

Significant

Applanation GAT Affordable
Most widely 
used
Reference 
for clinical 
use

Direct contact
Training 
required

Reference Moderate

NCT Easy to use
No contact

Expensive 0.2 (−3.8 to 
4.3)a

Moderate

Perkins Affordable
Same 
mechanism 
as reference 
GAT

Direct contact
Training 
required

−1.2 (−5.2 
to 2.8)a

Moderate

Pneumotonometer Can be used 
for 
tonography
Reports the 
ocular pulse 
waveform

Direct contact
Training 
required

5.5 
(0.8–10.2)b

Minimal

Mixed Tonopen Portable
Not affected 
by the 
position
Easy to use

Expensive
Requires a 
new tip cover 
per patient

−0.2 (−6.2 
to 5.9)a

Moderate

Rebound iCare Portable
One version 
is not 
affected by 
the position
Easy to use
No 
anaesthesia 
required

Expensive
Requires a 
new probe per 
patient

0.9 (−4.3 to 
6.1)a

Moderate

(continued)
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 The Relationship Between Ocular Rigidity and Tonometry

OR is an ophthalmic concept that was initially introduced by Friedenwald in an 
attempt to understand the reason that IOP readings vary so much among different 
tonometers [22]. OR was defined as a measure of the resistance which the eye exerts 
to distending forces, and it is the result of a combination of the morphological char-
acteristics and material properties of the eyeball. On the other hand, the most appro-
priate engineering term to describe the eye pressure-volume relationship is elasticity, 
as measured by Young’s modulus, and utilising Pascals (Pa) as the units of measure-
ment. Elasticity has the ability to investigate the independent contributions of the 
material properties and morphological characteristics of the eye [23]. Young’s mod-
ulus, or modulus of elasticity, is defined as the ratio of the stress (load per unit area) 
and strain (displacement per unit length). Mathematical modelling of the effect of 
changes in corneal characteristics on GAT, e.g. thickness, curvature, and Young’s 
modulus, demonstrate that all affect GAT tonometry but, the greatest impact is from 
changes in Young’s modulus [24].

Irrespective of the terminology used to explain the pressure-volume relationship 
in the eye, OR or Young’s modulus, these have been identified as the variables with 
the greatest influence on IOP readings [25, 26]. However, in clinical practice, the 
most common variable that is investigated is central corneal thickness (CCT), even 

Table 12.1 (continued)

Mechanism of 
action Tonometer Advantages Disadvantages

IOP results 
in 
comparison 
to GAT 
(17)a

Degree of 
influence 
by ocular 
rigidity

Less influenced 
by corneal 
biomechanics

DCT Reports 
ocular pulse 
amplitude

Direct contact
Requires a 
new tip cover 
per patient

1.8 (−2.9 to 
6.5)a

Minimal

ART Portable or 
slit-lamp 
based
Not affected 
by the 
position
Easy to use

Direct contact 1.7 (−4.3 to 
7.6)b

Moderate

NCT + evaluation 
of corneal 
biomechanics

ORA Easy to use
No contact

Expensive 1.5 (−3.9 to 
7.0)a

Moderatec

Corvis ST Easy to use
No contact

Very 
expensive

−3.8 (−7.5 
to −0.2)b

Moderatec

aData from pooled estimates presented as mean difference compared to GAT (mean IOP from the 
comparator tonometer minus mean GAT IOP) and the 95% limits of agreement [17]
bData from a single publication [18–21]
cCould be minimal if corrections based on biomechanical variables are used to improve the 
accuracy
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though it only represents one aspect of the morphological characteristics of the eye 
and does not measure the material properties. In addition, mathematical modelling 
has shown that variation in CCT only explains a difference of 2.87 mmHg in the 
predicted IOP readings [24].

The ORA is described in more detail in Sect. “Applanation Tonometers”, but is 
important to mention, as it has been extensively studied, and the biomechanical 
variables that are reported (CH = corneal hysteresis, and CRF = corneal resistance 
factor) are sometimes used as surrogates of OR or elasticity. However, these vari-
ables seem to represent only a small portion of the biomechanical properties of the 
eye and not the full elasticity or OR. For instance, in patients with keratoconus who 
have undergone corneal cross-linking (CXL) and who have had their CH and CRS 
measured before and after the intervention, no change in these variables was dem-
onstrated [27], even though corneas after CXL have been found to have a fourfold 
increase in Young’s modulus [28]. It seems that CH and CRS represent the visco-
elastic properties of the cornea and not the full OR or Young’s modulus of elasticity.

 Effect of Ocular Rigidity on the IOP Readings 
from Different Tonometers

As previously discussed, OR affects tonometry, but the magnitude of this influence 
varies among different tonometers (Table 12.1). In the following section, we will 
broadly classify, by mechanism of action, the most widely used and novel tonome-
ters, and discuss how OR can affect the IOP readings.

 Applanation Tonometers

Differences in the material properties or morphological characteristics of the eye 
such as CCT, corneal astigmatism, corneal curvature, and axial length produce 
changes in OR and influence IOP readings compared with the IOP as measured by 
manometry [29]. For instance, the area that needs to be flattened with the tip of the 
tonometer or with a jet of air (7.35 mm2,10.18 mm2,19.6 mm2 for GAT, NCT, or 
pneumotonometer) will be influenced by OR and hence, if the OR is higher or 
lower, the pressure required to produce the same applanation will be correspond-
ingly greater or lesser. Also, the amount of aqueous humour displaced by the inden-
tation will vary, depending on morphological characteristics such as corneal 
curvature [30].

One influence of OR on IOP, that is unique to NCT, is the effect of the time taken 
to flatten the cornea. It is possible that, in situations where other biomechanical 
characteristics are similar, the applanation created by a jet of air in NCT is influ-
enced more by changes in OR because of the rapidity of the applanation (8–20 ms) 
in comparison with the slower manual applanation in GAT [31].
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The ORA and the Corvis ST that measure IOP with an NCT tonometer are influ-
enced similarly to other NCT equipment. However, they have the advantage that 
they measure some of the biomechanical characteristics of the eye that are respon-
sible for inaccuracies in applanation tonometry [32]. Newer methods of postpro-
cessing data help to identify corneal parameters that better represent Young’s 
modulus of elasticity [27, 33, 34]. Adjustments for these newer biomechanical 
parameters that better represent OR might produce a better estimate of the true 
IOP.  However, further studies are required to compare these new IOP-corrected 
readings with manometry and confirm if they are more accurate.

 Indentation Tonometers

The Shiotz tonometer assumes an average scleral rigidity and produces unexpected 
IOP readings in individuals with higher or lower OR such as hyperopes and myopes 
respectively. This type of tonometry is significantly affected by OR because it mea-
sures the IOP by directly gauging how much the plunger sinks (pushes the cornea 
inwards) in comparison to the footplate [35]. In addition, this technique displaces 
more aqueous humour than any other tonometer, which can further affect the IOP 
reading.

 Mixed Indentation and Applanation Tonometers

The combined mechanism of action and the very small area of indentation of 
Tonopen result in this tonometer being less influenced by CCT than applanation 
tonometry [32]. It also seems to be less affected by the expected ageing increase in 
OR compared to applanation tonometry [31].

 Rebound Tonometers

One variable that is critical to this tonometer is the distance from the probe to the 
eye before it is triggered (recommended 3–5 mm) and the angle of contact between 
the probe and the cornea (recommended <25°). These variables will influence the 
effect that different parameters involved in OR will have on the final IOP readings.

This method of tonometry seems to be particularly affected by CCT [36], as has 
been demonstrated in healthy individuals and more dramatically in children with 
glaucoma and thick corneas [37]. The limits of agreement, when compared with 
GAT in children with IOP readings over 21 mmHg and thick corneas, were from 
−21.08 to 10.04 mmHg. This discrepancy could be partially explained by CCT, but 
some other variables must be involved to create these very broad limits of agree-
ment. For instance, it has been reported that corneal hysteresis is significantly 
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correlated with IOP readings taken using the iCare rebound tonometer [38]. This 
could reflect the greater influence that some biomechanical characteristics might 
have on this tonometer.

 Dynamic Contour Tonometer

The Dynamic Contour Tonometer was manufactured with the aim of reducing the 
influence of corneal biomechanics by creating minimal distortion of the cornea 
when measuring the IOP. It has proved to be less influenced by corneal biomechan-
ics and more accurate when compared to other tonometers in cadaveric or in vivo 
manometry. DCT was shown to be more accurate in comparison to GAT and pneu-
motonometer [39, 40] and it has been investigated in patients with corneal pathol-
ogy and found to be less influenced by CCT compared to GAT [41].

 ART

ART measures the flattened area of the cornea with a resonance sensor, based on the 
acoustic impedance of the eye. It has been suggested that the slow reduction in 
anterior chamber volume associated with ageing, could affect impedance in the eye 
and potentially underestimate the IOP readings of elderly individuals [42]. A study 
with healthy young and healthy elderly participants found higher GAT-IOP in 
elderly while ART-IOP readings were the same in both age groups. The acoustic 
impedance could also be increased and underestimate IOP readings if the corneal 
epithelium is damaged and the probe is in direct contact with deeper layers of the 
cornea. It could also be decreased and overestimate the IOP readings if the cornea 
is not sufficiently moist. Another characteristic of this tonometer is that it requires 
very good tip centration on the cornea. Failure to achieve good centration has been 
considered a possible explanation for the lower precision compared to GAT when 
measurements are repeated in the same individuals [43]. This tonometer signifi-
cantly overestimates the results when the IOP is higher than 21 mmHg, which could 
be due to the effect of high IOP on OR, independent of CCT.

 Effect of Post-surgical Changes in Ocular Rigidity 
on Different Tonometers

Investigation of the changes in IOP readings after surgery is complicated due to dif-
ferent reasons (1) the possibility that the surgical intervention itself might have pro-
duced a real change in the IOP, (2) the complex and non-homogeneous healing 
process between and within individuals, and (3) the variability in the surgical tech-
nique that causes different morphological changes after the same procedure in 
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different individuals and also in each eye of the same individual. Chapter 16 explores 
in more detail the relationship between OR and surgery. In this section, we will 
briefly describe some of the possible reasons why some surgical interventions have 
been reported to affect tonometry.

 Refractive Surgery

The constant development of surgical options to modify the cornea for refractive 
purposes, reflects the continued effort to find options that have less effect on the 
corneal biomechanics, are less likely to produce corneal ectasia, and therefore 
would also have less effect on tonometry. Unfortunately, recent surgical tech-
niques (e.g. SMILE compared to LASIK [44]) have not been shown to reduce the 
impact on corneal biomechanics [45], and most tonometers seem to be 
affected [46].

All refractive procedures influence some of the variables that comprise OR to 
some extent. The morphology of the cornea is modified by a reduction in its 
thickness, curvature, topography, and selective change in specific layers. The 
material properties of the cornea may also be affected by the wound healing pro-
cess. The more dependent the tonometer on corneal biomechanical properties, 
the greater the influence will be. For that reason, tonometers less influenced by 
corneal biomechanics, like the DCT, produce IOP readings after refractive sur-
gery that are closer to the pre-operative values than those that are more influ-
enced by corneal biomechanics. It has therefore been suggested that the DCT is 
a more accurate tonometer in such patients [47]. Another approach in overcom-
ing the changes in GAT IOP readings after surgery has been the use of correction 
formulae based on preoperative data, surgical data, postoperative changes, age, 
or a combination of variables [48]. This approach works statistically, but unfor-
tunately, when the results are individualised, they are not sufficiently accurate to 
be of clinical use.

 Cross-Linking

The influence of corneal cross-linking on tonometric measurements is difficult to 
assess because it is performed in patients with progressive keratoconus that will 
have, by definition, corneas that are far from the ideal assumed by the Imbert-Fick 
law for applanation tonometry. Cross-linking modifies corneal curvature, thickness, 
topography, and microarchitecture of the collagen fibrils but, in the few studies that 
have reported IOP, the changes seem to be minimal [49].
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 Corneal Transplantation

The increased risk of developing glaucoma after different types of corneal trans-
plantation and the prolonged use of steroids makes the recording of accurate IOP 
essential to avoid serious and irreversible glaucomatous damage. The expected 
variation in IOP after the surgery itself and the significant alteration of corneal 
architecture renders estimation of the most accurate form of tonometry, extremely 
difficult. Even if we assume that the true postoperative IOP is the same as that 
before the transplant, the material and the morphological characteristics of the 
cornea will have been modified, and all types of tonometers will be affected. 
Different tonometers will be influenced to different degrees, depending on the 
type of transplant [50–53]. For instance, lamellar transplants, which are becoming 
more common, significantly increase CCT and tonometers that are heavily influ-
enced by this parameter, have been shown to underperform [53]. Finally, it is 
important to emphasise that publications that have compared different tonometers 
during the postoperative follow-up after corneal transplantation have reported 
results with significantly different IOP measurements and very wide limits of 
agreement [54].

 Vitrectomy

The removal of the vitreous, replacing it with gas or silicone oil affects corneal 
biomechanics measured by ORA. Although other components of OR, that have not 
been measured, may also be altered. The architectural changes induced by pars 
plana incisions, the change in choroidal thickness and circulation [55], and the 
direct effect of silicone oil or gas [56, 57] could affect OR by different mechanisms. 
For example, IOP readings change when measured with different tonometers in 
eyes after silicone oil exchange [58].

 Scleral Buckling

It has been shown in the past, that tonometers are differentially affected by buckling 
procedures [59], which influence multiple components of OR. The anterior chamber 
angle and depth [60], the pulsatile ocular blood flow [61], and the ocular pulse 
amplitude [62] decreased significantly after buckling and could be responsible for 
the changes in IOP readings.
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 Keratoprosthesis

After this operation, severe morphological changes in the anterior segment of the 
eye and the absence of a cornea, render accurate IOP measurement almost impos-
sible. Given that recalcitrant glaucoma is extremely common after this type of 
surgery, the inability to measure IOP accurately is one of the obstacles to success 
in keratoprosthesis surgery. Scleral tonometry with indentation methods, tonopen, 
pneumotonometer, or rebound tonometer have been suggested as options to moni-
tor IOP [63, 64] but overall, IOP measurement is extremely challenging in 
these eyes.

 Glaucoma Surgery

Trabeculectomy, deep sclerectomy, and glaucoma drainage devices produce changes 
in OR that affect tonometry, in addition to the real reduction in IOP. Changes in 
corneal curvature, reduction in axial length, and increased in corneal hysteresis have 
been reported, and these will affect tonometers differently [65].

 Clinical Implications

OR influences all tonometric IOP readings, but the magnitude of the effect varies 
between individuals and between eyes in the same person. The effect of OR on the 
measurements produced by different tonometers depends on numerous factors that 
can be roughly divided into changes in morphology of specific structures in the eye 
or changes in the materials that comprise the tissues of the eye. In clinical prac-
tices, what eye care professionals face, is variability between tonometers and poor 
accuracy in IOP readings. It is important to remember that abnormal IOP readings 
have a different impact on the management of patients depending on the clinical 
scenario.

The following four scenarios cover most of the management dilemmas faced by 
clinicians:

 1. Incidental discovery of high IOP in an otherwise healthy eye: A typical example 
is a high IOP with NCT on routine optometric examination. In this scenario, it is 
important to repeat the measurement and confirm the IOP level using a different 
tonometer (usually GAT). For example, the UK NICE guidelines for glaucoma 
in 2017, changed the recommendation on identification of patients that require 
referral to an ophthalmologist, based on IOP elevation. They increased the 
threshold IOP for referral from 21 to 24 mmHg and recommended that it should 
be recorded on two different visits [66].
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 2. Unexpectedly low IOP in an individual with glaucomatous neuropathy: After 
pathological causes for hypotony have been excluded (cyclodialysis cleft, uve-
itis, retinal detachment, etc.), it is important to search for reasons that could 
reduce OR (thin CCT, low CH, previous refractive surgery, etc.)

 3. Unexpectedly high IOP in an individual with glaucomatous neuropathy: After 
confirming good compliance with medication; factors that overestimate the IOP 
should be considered (thick CCT, high CH, etc). Finally, the clinician should 
carefully remember that IOP is only one part of the examination and clinical 
decisions should be supported by other important parameters such as visual 
fields, optic nerve topographic assessment, or retinal nerve fibre layer 
measurement.

 4. Unexpectedly abnormal IOP after ophthalmic surgery: In the early postoperative 
period it is important to consider high or low IOP as a direct consequence of 
surgery, until proven otherwise. It is common to develop hypotony or IOP spikes 
after surgery, but it is impossible to fully predict when this will happen. Later in 
the postoperative period, if unexpected IOP readings are encountered, the fol-
lowing ocular changes induced by surgery that could over or underestimate the 
true IOP should be considered: increased CCT due to transient corneal oedema, 
changes in corneal curvature induced by sutures, shortening or elongation of AL 
after glaucoma surgery or scleral buckling, changes in choroidal thickness or 
circulation after intraocular surgery.

The following points emphasise frequently discussed topics, and clinical consid-
erations with relevance to daily practice:

 1. Correction of IOP based on CCT: The well-known relationship between CCT 
and IOP has driven some researchers to develop regression models to account for 
the influence of CCT on the true IOP. Although this could be a useful method to 
analyse data from populations, regression models and equations that have been 
popularised are insufficiently accurate to use in individual patients. To correct 
for CCT in clinical practice is safer to categorise patients in groups of thin, nor-
mal, and thick and consider this as a rough guide to the possible over or under-
estimation of the true IOP.

 2. Automatic corrections of IOP from instruments that measure other ocular 
parameters: ORA and Corvis ST measure multiple ocular parameters that influ-
ence OR and can be used to correct the recorded IOP based on the NCT technol-
ogy that those instruments use. It is important to emphasise that any correction 
has risks of over or underestimating IOP and should not be considered as a direct 
recording of the true IOP but a post-acquisition correction.

 3. Use of IOP readings from different tonometers interchangeably: Even when 
mean IOP readings are similar in studies comparing two types of tonometer, the 
readings can still not be considered interchangeable. When IOP readings from 
single participants are compared, the limits of agreements can be extremely wide 
and the reporting of similar means over larger numbers of patients can be mis-
leading with respect to the individual patient.
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Chapter 13
Tonography and Ocular Rigidity

Eric Chan and Carol B. Toris

 Introduction

 Aqueous Humor Dynamics

Aqueous humor production, circulation and drainage (aqueous humor dynamics) 
maintain the intraocular pressure (IOP) in the eye. This pressure is maintained under 
careful homeostasis to preserve optic nerve health and clear vision. Aqueous humor 
is produced by the ciliary processes of the ciliary body, then is secreted into the 
posterior chamber where it flows mainly through the pupil into the anterior cham-
ber. Drainage from the anterior chamber occurs through one of two outflow path-
ways: uveoscleral and trabecular. Abnormal changes to drainage can lead to elevated 
IOP and an increased risk of glaucoma. Treatments for glaucoma target aqueous 
humor production or its drainage pathways. Uveoscleral outflow is an unconven-
tional pathway with less resistance. This pathway includes drainage from the ante-
rior chamber into the ciliary muscle. From there the fluid flows in multiple directions 
including the supraciliary and suprachoroidal spaces, across the sclera, through 
emisarial canals, and into choroidal vessels. Trabecular outflow is a conventional, 
pressure dependent pathway that includes the trabecular meshwork, Schlemm’s 
canal, and a series of channels and veins. Resistance in this pathway is ten times that 
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of the uveoscleral outflow pathway. The resistance is mainly in the proximal drain-
age system beginning in the layers of the trabecular meshwork. The juxtacanicular 
layer, which precedes Schlemm’s canal along the pathway, offers the highest resis-
tance to outflow in the trabecular meshwork system. The next areas of resistance are 
the endothelial membrane surrounding Schlemm’s canal and the canal itself, the 
dimensions of which can vary dynamically due to ocular pulse amplitude. The distal 
outflow pathway lies beyond Schlemm’s canal starting at the collector channel 
entrance, followed by the intrascleral collector channels of the deep scleral plexus, 
and then the episcleral and aqueous veins superficially. Choroidal vascular volume, 
ocular pulsation and scleral rigidity are some of the factors that affect the distal 
outflow resistance in the collector channels in addition to the scleral and episcleral 
venous drainage system [1, 2]. Reduction in outflow resistance lowers IOP and is a 
treatment modality for glaucoma. Assessment of this resistance is difficult but 
important. An accessible assessment of outflow facility in humans is by tonography.

To further understand the pathophysiology of glaucoma from the perspective of 
outflow facility decline, tonography serves a key role in research studies with a 
more limited role in clinical diagnostics. Accurate determination of outflow facility 
values is important in glaucomatous eyes. Additionally, ocular wall biomechanics, 
which includes the elastic properties of the sclera, cornea and choroid, behave dif-
ferently in glaucoma and thus will influence the results of tonography.

 Practice of Tonography

 Tonography Instruments

Tonography is a method of measuring outflow facility, the inverse of outflow resis-
tance. Tonography has been fundamentally unchanged since its inception many 
decades ago. It was designed initially to serve as a tool to diagnose glaucoma. Two 
instruments to access outflow facility are the Schiøtz tonometer (Fig. 13.1) and the 
pneumatonometer (Fig. 13.2).

The Schiøtz tonometer consists of a foot plate with a 15 mm radius of curvature 
connected to a plunger with variable applied weights (usually 5.5, 7.5, 10, or 15 g). 
The carrier portion containing the footplate weighs 11.0 g. With the subject in a 
supine position and eyes gazing at the ceiling, the tonometer is applied to the cornea 
which becomes indented by the weight of the footplate and plunger. The indentation 
does not cause an immediate change in total intraocular volume since intraocular 
fluid, composed primarily of water, is non-compressible. Instead, the cornea 
deforms and ocular tissues distend, while intraocular pressure increases as dictated 
by the pressure-volume inverse relationship in an enclosed chamber. The Schiøtz 
tonometer provides a reading correlated to the intraocular pressure when the weight 
is applied (Table  13.1). Based on the nomogram curve generated by Jonas 
Friedenwald [4] (Fig. 13.3), the intraocular pressure before the weight is applied, or 
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the steady state pressure P0, can be determined by tracing the nomogram curve back 
to the corresponding value when no weight is applied and the indentation volume is 
zero. P0 is needed to determine the outflow facility coefficient (see Eq. 13.1 below). 
An electronic Schiøtz tonometer is a similar device but with the reading scale 
replaced with an electronic amplifier and recording galvanometer such that mea-
surements can be recorded continuously on a paper strip and can facilitate tonogra-
phy measurements [3, 5].

The pneumatonometer uses a near frictionless applanation surface generated by 
flowing gas. A cylinder probe with a plastic sensor tip covered with a thin porous 
silicone membrane contacts the cornea. Gas flows through a valve into the system 
through the porous membrane to create an air bearing. The tip of the probe contacts 
the cornea and impedes gas flow through the membrane, which causes gas pressure 
within the system to rise. Once the internal intraocular pressure and gas pressure 
within the system are in balance, an electronic signal output is converted into a 

Fig. 13.1 Schiøtz 
tonometer with different 
weight attachments
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measurement of intraocular pressure. This instrument allows for IOP measurement 
in both the supine and sitting positions. For tonography, a 10 g weight is attached to 
a small platform on the shaft of the hand piece and the probe is placed on the cornea 
for 2 or 4 min while the subject is in a supine position.

There have been documented differences between the pneumatonometer and the 
Schiøtz tonometer [6]. The Schiøtz tonometer has fewer issues with probe move-
ment during timed tonography intervals compared to the pneumatonometer. The 
Schiøtz tonometer probe tip has a large concave diameter, whereas, the pneuma-
tonometer probe tip is flat with a small diameter which predisposes it to a higher 
incidence of probe movement when held by the user. Consequently, the pneuma-
tonometer has higher inter-subject and inter-observer measurement variability in 
comparison to the Schiøtz tonometer, although the calculated outflow facility values 
from the two instruments are similar [7, 8]. Each of these instruments have numer-
ous assumptions and limitations leaving open the need for improved methods to 
assess outflow facility in humans.

Fig. 13.2 Pneumatonography. The pneumatonometer with probe (top-left). Placement over the 
eye of the tonometer probe with attached 10  g weight (top-right). Example of a two-minute 
recorded tonography tracing of a human subject with ocular hypertension
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Table 13.1 Schiøtz tonometer calibration scale for four different weights on the probe [3]

Schiøtz Scale Reading
Intraocular pressure (mm Hg)
5.5 g 7.5 g 10 g 15 g

0.0 41.5 59.1 81.7 127.5
0.5 37.8 54.2 75.1 117.9
1.0 34.5 49.8 69.3 109.3
1.5 31.6 45.8 64.0 101.4
2.0 29.0 42.1 59.1 94.3
2.5 26.6 38.8 54.7 88.0
3.0 24.4 35.8 50.6 81.8
3.5 22.4 33.0 46.9 76.2
4.0 20.6 30.4 43.4 71.0
4.5 18.9 28.0 40.2 66.2
5.0 17.3 25.8 37.2 61.8
5.5 15.9 23.8 34.4 57.6
6.0 14.6 21.9 31.8 53.6
6.5 13.4 20.1 29.4 49.9
7.0 12.2 18.5 27.2 46.5
7.5 11.2 17.0 25.1 43.2
8.0 10.2 15.6 23.1 40.2
8.5 9.4 14.3 21.3 38.1
9.0 8.5 13.1 19.6 34.6
9.5 7.8 12.0 18.0 32.0
10.0 7.1 10.9 16.5 29.6
10.5 6.5 10.0 15.1 27.4
11.0 5.9 9.0 13.8 25.3
11.5 5.3 8.3 12.6 23.3
12.0 4.9 7.5 11.5 21.4
12.5 4.4 6.8 10.5 19.7
13.0 4.0 6.2 9.5 18.1
13.5 5.6 8.6 16.5
14.0 5.0 7.8 15.1
14.5 4.5 7.1 13.7
15.0 4.0 6.4 12.6
15.5 5.8 11.4
16.0 5.2 10.4
16.5 4.7 9.4
17.0 4.2 8.5
17.5 7.7
18.0 6.9
18.5 6.2
19.0 5.6
19.5 4.9
20.0 4.5
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 Principle of Tonography

The concept of tonography is based on the principle that at different intraocular 
pressures, fluid will be filtered out of the anterior chamber at a constant rate 
(Fig. 13.4). If a weight is placed on the eye, a certain amount of fluid inside the eye 
will be displaced over a set amount of time. The intraocular pressure change from 
the added weight can be measured concurrently, and thus outflow facility can be 
determined as a unit of cubic millimeters of fluid (or microliters of fluid, μL) per 
minute per millimeter mercury of pressure (mm3/min/mm Hg). Tonographic out-
flow facility is a variable that is derived from other measurements including intra-
ocular volume change and intraocular pressure. In addition, tonography is based on 
several theoretical assumptions and relies on calculated reference values gathered 
from experimental data.

Several assumptions are inherent in tonography. (1) There is continuous aqueous 
humor outflow. (2) Aqueous humor production is constant and is not impacted by 
changes in intraocular pressure. Specifically, the change in ocular volume equals the 
formation of aqueous humor minus the loss of aqueous humor. Thus, if aqueous 
humor production is held constant, then any change in ocular volume is due to aque-
ous humor outflow only. However, it has been shown that the production rate of 
aqueous humor is affected by pressure. With an increase in IOP, there is a corre-
sponding decrease in production, which has been termed pseudofacility [10]. (3) 
Intraocular pressure itself is an independent variable of outflow resistance such that 
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mined [3, 4]
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changing pressure within the eye does not affect how easily fluid exits the eye. (4) 
The uveal intravascular volume is constant during tonography. (5) Outflow facility 
by tonography measures facility through the trabecular meshwork, canal of 
Schlemm, and scleral venous network. (6) The eye maintains a steady state IOP 
before tonography without any ongoing IOP fluctuations [3]. (7) Tonography can 
vary based on ocular rigidity, which includes both scleral rigidity and corneal hys-
teresis (a viscoelastic property of the cornea). An average standardized value of 
ocular rigidity is presumed for the outflow facility calculation. It is assumed that 
ocular rigidity adds only a small correction factor to outflow facility values in 
most cases.

log
IOP

log
IOP

log
IOP

DVc

∆Vs1 ∆Vs2

∆Vc2

∆Vs2∆Vs1

∆Vc1

∆Vc1

∆Vc2

∆Vc ∆Vc

Fig. 13.4 Theory behind tonography. The figure and graph on the left summarize the effect of the 
tonometer probe applied to the eye without a set weight on the probe. The figure and graph in the 
middle show initial corneal deformation ∆VC1 and scleral distention ∆VS1 with immediate applica-
tion of the weighted probe and subsequent intraocular pressure rise. The figure and graph on the 
right summarize changes during tonography, in which the weighted tonometer probe has forced 
fluid through the trabecular meshwork and subsequently changed the corneal deformation volume 
∆VC2 and scleral contraction volume ∆VS2. Combined, ∆VC2 and ∆VS2 represent the volume of fluid 
lost through the outflow system during tonography (Modified from Choplin, N., and Lundy, 
D. Atlas of Glaucoma. Ed. 1, London, 1998, Martin Dunitz Ltd., with permission) [9]
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Given these assumptions, expected and unexpected sources of error must be con-
sidered. Proper device calibration is required for accuracy of measurements. Both 
voluntary and involuntary behavior can affect tonography. Coughing will disturb the 
measurement and a prolonged Valsalva maneuver can increase intraocular pressure. 
Eye movement and eyelid squeezing also will affect reading accuracy. Cornea irreg-
ularities from edema or scarring, and variations in corneal curvature can affect 
tonometry readings and thus tonography. Movement of the applanating tip can 
change the area of the cornea being measured and can alter intraocular pressure 
readings due to variation in applied pressure. Ideally, the supine patient should fix-
ate on a target directly overhead, and the eyelids of the eye being measured should 
be held wide open without blinking during the test. Fingers can be used to keep the 
lids open provided that additional pressure on the globe is not applied. Evaporation 
of tears from the fixating eye can be slowed by covering the area with a thin sheet 
of plastic wrap taking care not to touch the eye itself. The probe is then placed on 
the study eye perpendicular to the corneal surface and held still for 2 or 4 min [3].

 Initial Work on Tonography

Tonography is described by a series of equations that were developed and refined by 
major contributions from Jonas Friedenwald, Morton Grant, and Maurice Langham. 
The culmination of tonography studies is summarized in the following equation.
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(13.1)

C is the outflow facility, ∆Vs is the change in intraocular volume during tonogra-
phy from scleral distention due to the pressure change, ∆Vc is the change in intra-
ocular volume from corneal indentation, P0 is the intraocular pressure before 
tonography, Ps is the correction of steady state pressure to account for episcleral 
venous pressure change during tonography, Pavg is the average of the initial and final 
intraocular pressures during the test, and t is the tonography test’s time duration. 
Current calculations for outflow facility use an initial applanation pressure before 
tonography as P0. In 1950, Morton Grant developed a simplified formula of Eq. 
(13.1) in which the total volume change, ∆V, is represented by a single variable and 
the episcleral vein pressure Ps is not taken into consideration:
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Additionally, scleral rigidity can be calculated as follows:
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(13.3)

In this equation, K is the scleral rigidity coefficient; P0 and V0 respectively repre-
sent the steady state pressure and volume before a weight is applied to the cornea; 
and P1 and V1 respectively represent the pressure and volume when the weight is 
applied. These equations were established and refined by contributions from 
Friedenwald, Grant, and Langham, and are discussed in the following section 
[4, 5, 11].

Friedenwald initially studied intraocular pressure in enucleated rabbit eyes with 
the Schiøtz tonometer. The eyes were connected to an open manometer and read-
ings from the Schiøtz tonometer were correlated with co-existing intraocular pres-
sure measurements at different applied weights. Friedenwald then developed a 
nomogram of intraocular pressures based on average scleral rigidity, which he cal-
culated as 0.0215 μL−1. Specifically, the key equations assumed that there was a 
proportional constant between corneal indentation volume and intraocular pressure 
represented as the coefficient of ocular rigidity. Rearranging Eq. (13.3) to:

 log log ,P K V P1 0� �  (13.4)

a linear plot equivalent to y = ax + b can be drawn with volume of indentation on 
the x-axis and intraocular pressure on the y-axis. The Schiøtz tonometer scale read-
ings with different applied weights also can be plotted as an overlay (Fig. 13.3). 
Intraocular pressure values at two different weights are plotted to form a straight 
line with the y-intercept, P0, representing the intraocular pressure before any weight 
is applied (i.e. steady state pressure) and with the slope of the line, K, representing 
the scleral rigidity. Outflow facility can be calculated now that P0 is known. 
Friedenwald accounted only for intraocular volume change from cornea indentation 
from the tonometer probe. He did not include a variable for volume change due to 
other factors such as posterior globe indentation from orbital tissue compression or 
changes in choroidal vascular volume [4]. Ocular rigidity is higher in enucleated 
eyes than live eyes, which is mostly due to the absence of active choroidal blood 
flow in enucleated eyes [12].

Grant studied tonography in greater depth with the electronic Schiøtz tonometer, 
which at the time allowed for continuous graphical recording of Schiøtz scale mea-
surements. He performed 5-min tonography tests with four different weights (5.5, 
7.5, 10, and 15 g) in normal living human eyes. In this test, Pavg, was taken as the 
average pressure changes in half-minute intervals. From his results, Grant devel-
oped his own table of the estimated volume displacement for different weights and 
the corresponding measurement on the Schiøtz scale (Table 13.2). This table was 
derived with an average scleral rigidity in mind. As mentioned previously, Grant’s 
equation represented the total change in intraocular volume in a single variable in 
the numerator. Using a similar equation, he found, in normal eyes, a mean outflow 
facility of 0.243 μl−1 with a range of 0.15 to 0.34 μl−1 [5].
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Langham’s studies focused on pneumatonometer-based tonography in normal 
and glaucomatous eyes of human volunteers. His measurements were performed 
with the subject in the supine position with a 10 g weight applied to the cornea for 
either 2 or 4 min. Seated pressures were taken before tonography with the Goldmann 
applanation tonometer and the pneumatonometer to determine P0. Using empirical 
data which he collected, he developed tables for the intraocular volume change Vs 
from scleral distention due to intraocular pressure change (Table 13.3) and Vc from 
corneal deformation during tonography (Table 13.4). He also compared intraocular 
pressure measurements in the supine position with the Schiøtz tonometer and pneu-
matonometer. In both normal and glaucomatous eyes, he consistently found that the 
Schiøtz tonometer measured lower pressures with the difference in measurements 
twice as large in glaucomatous eyes versus healthy eyes. Using the pneumatonom-
eter, he calculated a mean outflow facility value of 0.28 ± 0.01 μL/min/mm Hg in 
healthy eyes versus 0.16 ± 0.01 μl/min/mmHg in glaucomatous eyes. The means 
were statistically significantly different [11].

 Ocular Rigidity and Tonography

Ocular rigidity significantly impacts tonography measurement of intraocular pres-
sure [13–16]. It includes scleral rigidity and corneal biomechanics. The sclera’s 
biomechanical properties vary by anatomic eye regions, age, and disease state. In a 
study [17] of human sclera specimens, scleral thickness ranged from 1062 μm at the 
posterior pole, to 716 μm in the anterior sclera and to 767 μm at the cornea-scleral 

Table 13.2 Grant’s table showing intraocular volume change (μL) for different weights at different 
tonometer scale readings [5]

Schiøtz Scale Reading
Intraocular volume change (μL)
5.5 g 7.5 g 10 g 15 g

0 0.0 0.0 0.0 0.0
1 3.1 2.6 2.4 2.0
2 6.3 5.4 4.8 4.1
3 9.5 8.2 7.2 6.1
4 12.7 11.0 9.6 8.3
5 16.0 13.8 12.1 10.4
6 19.5 16.7 14.6 12.5
7 22.8 19.7 17.3 14.8
8 26.3 22.9 20.1 17.2
9 29.9 26.1 22.8 19.6
10 33.7 29.8 25.7 22.2
11 37.3 32.6 28.7 24.8
12 41.2 36.0 31.7 27.6
13 45.3 39.6 34.7 30.5
14 49.4 43.4 38.2 33.5
15 53.7 47.3 41.5 36.7

E. Chan and C. B. Toris



215

border at the limbus. When mechanical stress was applied to the sclera, the anterior 
sclera was stiffer than the posterior sclera. The thicker posterior sclera may provide 
additional resistance to stress loading to compensate for reduced mechanical stiff-
ness. Similarly, the sclera thins with age but develops increased mechanical stiffness 
[18]. With changes to intraocular volume and pressure, the sclera also demonstrates 
a viscoelastic property: with increased stress load, whether by volume or pressure, 
the sclera shows linear stretching with a return to its original state once the stress is 
removed (as when standing on one’s head for a short time). However, with pro-
longed constant stress load (as in primary open angle glaucoma), the sclera shows 
slow gradual mechanical creep with permanent stretching and deformation from its 
original state [19]. Creep rates were less in non-glaucomatous versus glaucomatous 
eyes [18]. The microscopic properties which govern these dynamic and chronic 
changes are likely due to the interaction of type 1 collagen, collagenase enzymes 
such as matrix metalloproteinases in the extracellular matrix, and contractile myo-
fibroblast cells such as alpha smooth muscle actin. These are some of the factors 

Table 13.3 Langham’s table showing the intraocular volume change Vs (μL) required to increase 
intraocular pressure P (mm Hg) from 10 to 50 mm Hg with incremental steps of 0.5 mm Hg [11]

P Vs P Vs P Vs

10.0 0.0 23.5 28.2 37.0 45.3
10.5 1.7 24.0 29.0 37.5 45.8
11.0 3.1 24.5 29.5 38.0 46.4
11.5 4.5 25.0 30.2 38.5 46.8
12.0 5.8 25.5 30.9 39.0 47.3
12.5 7.0 26.0 31.8 39.5 47.8
13.0 8.2 26.5 32.2 40.0 48.4
13.5 9.4 27.0 32.9 40.5 49.0
14.0 10.5 27.5 33.6 41.0 49.6
14.5 11.7 28.0 34.2 41.5 50.1
15.0 12.5 28.5 34.7 42.0 50.6
15.5 13.8 29.0 35.5 42.5 51.3
16.0 14.7 29.5 36.1 43.0 51.8
16.5 15.8 30.0 36.6 43.5 52.5
17.0 16.8 30.5 37.2 44.0 53.0
17.5 17.8 31.0 37.9 44.5 53.5
18.0 18.8 31.5 38.5 45.0 54.0
18.5 19.7 32.0 39.2 45.5 54.7
19.0 20.6 32.5 39.9 46.0 55.3
19.5 21.5 33.0 40.5 46.5 56.0
20.0 22.5 33.5 41.1 47.0 56.6
20.5 23.3 34.0 41.7 47.5 57.0
21.0 24.2 34.5 42.3 48.0 57.6
21.5 25.0 35.0 42.8 48.5 58.3
22.0 25.8 35.5 43.4 49.0 58.9
22.5 26.7 36.0 44.0 49.5 59.5
23.0 27.5 36.5 44.6 50.0 59.9
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affecting scleral rigidity that need to be considered in tonography and in interpreting 
calculated outflow facility values [19].

Differences in IOP due to cornea biomechanics are best noted when comparing 
indentation versus applanation methods of IOP measurement [20]. The preferred 
applanation tonometer is the Goldmann applanation tonometer. It is considered the 
gold standard against which all other tonometers are evaluated. With a diameter of 
3.06 mm, the Goldmann applanation tip has minimal corneal indentation and dis-
places about 0.45 μL of intraocular fluid, which raises the IOP by about 0.5 mm Hg.

The suspicion of ocular rigidity impacting IOP and outflow facility measure-
ments was initially suggested by comparison of Schiøtz and applanation tonometer 
values since the Schiøtz tonometer was larger in diameter and displaced a much 
larger intraocular volume. A higher IOP with a Schiøtz tonometer compared to the 
applanation tonometer implied greater ocular rigidity with the inverse implying 
lower ocular rigidity. More generalized, ocular rigidity is inversely related to 

Table 13.4 Langham’s table 
showing the relationship 
between intraocular pressure 
P and corneal deformation 
volume Vc with a 10 g weight 
applied to the eye [11]

P Vc

15 26.5
16 25.0
17 23.5
18 22.0
19 20.7
20 19.5
21 18.2
22 17.0
23 16.0
24 15.0
25 14.3
26 13.7
27 13.0
28 12.4
29 11.8
30 11.2
31 10.5
32 9.9
33 9.3
34 8.7
35 8.2
36 7.8
37 7.4
38 7.0
39 6.7
40 6.4
41 6.1
42 5.8
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intraocular volume and proportional to intraocular pressure. The impact of ocular 
rigidity on outflow facility calculation was seen mainly in the change in intraocular 
volume due to scleral distention [21]. The outflow facility equation assumes an 
average ocular rigidity constant, which Friedenwald, Grant, and Langham have 
incorporated into their tables for the expected change in intraocular volume during 
tonography. Thus, for calculated outflow facility values based on the average ocular 
rigidity constant, higher ocular rigidity is associated with a lower actual outflow 
facility and lower ocular rigidity is associated with a higher actual outflow facility. 
Mathematically, the correction factor would modify Eq. (13.1) as follows:
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where 
K

K
N  is the ocular rigidity correction factor with KN representing the normal 

ocular rigidity coefficient and K representing the actual ocular rigidity coefficient of 
the eye. This volume-pressure relationship has been refined into a more accurate 
constant based on empirical data [22]. Using all published data collected from 
in vivo tonography studies, a best fit curve was created to determine the intraocular 
volume change equation for a certain intraocular pressure:

 �V V C C x P C xP� � �� �0 1ln  (13.6)

where C, C0 and C1 are constants derived from the best fit curve, V is the steady 
state intraocular volume, P is the intraocular pressure, and ∆V is the expected intra-
ocular volume change. By extrapolation, the predicted intraocular volume change 
due to the effects of ocular rigidity and pressure change is larger than Friedenwald’s 
original estimate in enucleated eyes [22]. In vivo data and measurements provide a 
more realistic calculation as the effect of intravascular and extravascular fluid in the 
eye wall is included as a determinant of the eye’s ocular rigidity [22].

 Summary

Tonography provides an important tool to analyze outflow facility and study the 
dynamics of aqueous flow. This is especially important in understanding the patho-
genesis of glaucoma. Intraocular pressure is a modifiable therapeutic target which is 
manipulated in order to prevent or slow the progression of glaucoma. Studying out-
flow facility provides a methodology of examining resistance pathways that can 
increase intraocular pressure due to insufficient drainage. Although tonography 
relies on several assumptions and there can be variability of measurements due to 
ocular rigidity differences in the population, the method has shown that there is a 
difference in outflow facility between glaucomatous and normal eyes. The data 
from tonography provides a general measurement of overall outflow resistance 

13 Tonography and Ocular Rigidity



218

including the proximal trabecular meshwork to the distal scleral and episcleral 
venous pathways. Further methods which can isolate areas of resistance to distal, 
trabecular or uveoscleral pathways when combined with tonography has the poten-
tial to generate a more definitive mapping of aqueous humor flow dynamics out of 
the anterior chamber.
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Chapter 14
Age Related Changes in Ocular Rigidity

George Kontadakis and George Kymionis

 Introduction

Ocular rigidity is a feature of ocular physiology that is involved is many pathophysi-
ologic mechanisms and the clinical course of several diseases. Although it solely 
refers to the mathematical relationship between pressure and volume changes in the 
eyeball, due to the complexity of the eyeball structure it is separately affected by the 
response to pressure changes of each different element of the ocular anatomy [1]. 
Consequently, any change in each of these anatomical elements would also effect 
ocular rigidity itself.

The effect of age in ocular physiology is evident in all structures of the eye. 
Numerous anatomic changes occur in the eye with age. These changes generally 
comprise cell loss, such as the corneal endothelium, degenerative processes, such as 
vitreous liquefaction, and accumulations of materials, such as drusen [2, 3].

Molecular changes in the extracellular matrix that happen in aging, and struc-
tural and functional changes in vasculature have also been detected. Such changes 
happen throughout the body and contribute in the altered behavior of various tissues 
during physiological aging.

Ocular consequences of those changes are the increase of corneal and scleral 
rigidity, and also the changes in biomechanical properties of the choroid [4–6]. All 
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these alterations in total contribute in the changes of ocular rigidity that have been 
described in the literature. Changes in ocular rigidity have been considered as part 
of the normal aging process. Scleral and corneal stiffness is known to increase with 
age and also choroidal compressibility is altered [4–6]. All those parameters natu-
rally would lead to a change in ocular rigidity with age, which has been experimen-
tally studied by many authors.

 Reports of Ocular Rigidity Modification with Age

The relationship of age with ocular rigidity has been described in several reports in 
the literature since the very early studies on tonometry and rigidity. As early as 
1872, a study by Pfluger [7] on cadaver eyes suggested that difference on calibration 
of tonometers in older eyes is attributed to increased rigidity. Müller [8] reached the 
same conclusion in post mortem eyes. Kalfa [9] constructed an elastometric curve 
and found a steeper rise in older eyes due to the increase in rigidity.

In his landmark study of rigidity, Friedenwald [10] reported results of 500 eyes 
over 15 years old measured in vivo. In this study, the author used a set of tonometric 
measurements with the employment of two or more different tonometric weights in 
a Schiotz tonometer. The distribution of the calculated rigidity in the population of 
the study as a function of age was positively skewed due to the increased rigidity in 
the elderly population. When plotted in separate age groups rigidity was normally 
distributed and similar in subjects under 30 years old and between 30 and 50 years 
old, but started to increase and demonstrate skewness in the groups of over 60 years 
old. Despite that, there was a wide range of rigidity within the older age groups, 
which demonstrated that even among senior subjects a low rigidity similar to 
younger ages could have been measured. Among healthy eyes the variations of 
rigidity were relatively low, thus stretching out the significance of variations found 
in older ages. Consequently Friedenwald in vivo acknowledged rigidity as one of 
the parameters of ocular physiology effected by aging.

Other studies using similar methods as Friedenwald reached the same conclu-
sion. A number of other studies based on his methods have appeared in recent years. 
Kiritoshi [11], Leydhecker [12], and Goodside [13] all found that rigidity coeffi-
cient increased with age, although the results in the latter two studies were not 
totally conclusive.

Gaasterland et al. [14] evaluated rigidity with paired electronic indentation 
tonometer readings in healthy eyes of a young age group ranging from 18 to 26 years 
and an old aged group from 49 to 81 years old. The authors sought to evaluate the 
effect of age on IOP parameters and concluded that among others, rigidity is also 
affected by age since it significantly increased in the older age group.

Other studies that used paired indentation tonometry also demonstrated the 
increased rigidity with age. Singh et al. [15] in a study from India found a definite 
increase of rigidity in patients over 50 years of age. Wong and Yap [16], studied a 
Chinese population divided in a young group ranging from 19 to 30 years old and 
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an older group ranging 57–90 years. The authors found an increased rigidity in the 
elderly that was not statistically significant though. Lam et al. [17] more recently 
used linear regression in a population of 118 healthy subjects to demonstrate signifi-
cant increase in scleral rigidity with age. The authors in this study had excluded 
high myopes to eliminate the effect of axial length.

Furthermore, the effect of age has been assessed with studies using manometry. 
Perkins [18] used post mortem enucleated eyes unsuitable for transplantation and 
uncovered a significant correlation between the coefficient of rigidity and age.

More recently, Pallikaris et al. published a manometry study of ocular rigidity 
performed in 79 living eyes [19]. Patients undergoing cataract surgery were enrolled 
in this study and the ocular rigidity was manometrically determined in anesthetised 
eyes trough a specially developed hydraulic system directly communicating with 
the anterior chamber. Eyes with glaucoma, ocular hypertension and previous sur-
gery were excluded. The ocular rigidity was measured within a range of clinically 
encountered IOPs in this study (pressure range 10–35 mmHg). The authors investi-
gated the correlation of the result with other parameters such as age, axial length, 
central corneal thickness and presence of diabetes, hypertention and age related 
macular degeneration. Age range in this study was 27–91 years with an average age 
of 65 years. The age of the patients was positively correlated with the measured 
rigidity, thus confirming the previous findings of post mortem and indirect in vivo 
studies. Other correlations were not found, apart from a trend of decreased rigidity 
in correlation with axial length that marginaly did not reach statistical significance. 
This was the largest manometric in vivo study dealing with the correlation or rigid-
ity with age in human eyes.

Additionally, the overall effect of age on ocular rigidity has been confirmed 
in vitro, in scleral rigidity studies of human and other primates. Girard et al. [20] 
studied the inhomogeneous, anisotropic, non-linear biomechanical properties of 
posterior sclera of monkeys as function of age. Authors found that posterior sclera 
of older monkeys was significantly stiffer than that of young monkeys, possibly 
affecting the optic nerve head. Friberg and Lace [21] evaluated the modulus of elas-
ticity of scleral strips from human eye-bank eyes and also found an increase in stiff-
ness with age.

Changes of scleral stiffness with age may result from several parameters of 
scleral physiology that are affected by the aging process [4]. The mechanical prop-
erties of cornea and sclera are controlled by the extracellular matrix which is com-
prised from connective tissue fibres. The biomechanical properties of the 
extracellular matrix are strongly dependent on the specific composition and concen-
tration of matrix components, and also by post-translational modifications, such as 
glycosylation and cross-linking [22, 23]. The ageing process has an intense effect 
alterations in extracellular matrix microstructure and subsequent cross-linking. 
Aged scleral elastic fibres exhibit larger constituent fibril diameters in the outer 
region and altered electron density within the fibres’ central area, indicative of elas-
tin molecular alterations and fibrillary degeneration [24]. Cornea demonstrates 
decreased collagen interfibrillar distance, collagen fibril breakdown and the pres-
ence of small collagen-free spaces in the posterior stroma of older specimens has 
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been found to happen with increasing age in electron microscopy studies [23]. 
Brown et al. [25] reported that human sclera loses, on average, approximately 1% 
of its water content per decade, and that tissue dehydration is correlated with the 
progressive loss of hydrophilic sulphated glycosaminoglycans. Changes in proteo-
glycans, another major extacellular matrix (ECM) component, have also been dem-
onstrated with age in the human ocular tissues. One of the most important metabolic 
processes that may be associated with the correlation of increased tissue stiffening 
with age is non- enzymatic glycosylation of macromolecules [26]. Lipid and 
Calcium levels also increase significantly with age in both cornea and sclera [27]. 
Choroid also undergoes changes with choriocapillary vascular dropout and changes 
to choroidal thickness with age [5]. Investigators are recognizing the increasing 
importance of the role of age-related alterations in ECM composition and micro-
structure and the resulting altered ocular tissue stiffness which are likely to contrib-
ute to pathologically modified glaucomatous conditions [27].

Despite the theoretical background and the plethora of experimental data sup-
porting the increase of ocular rigidity with age, there are also some studies that do 
not confirm this or even confer contradicting results.

Leydhecker [12] found in 1497 eyes, that increase with age was minimal, and in 
both his and Goodside’s [13] investigations certain age groups show a lower rigidity 
coefficient than the age group below. Armaly [28] found a maximum at 40–50 years 
of age in an investigation of 519 patients. Lavergne et al. [29] found no significant 
age variation, and Schneider et al. [30] found no increased rigidity coefficient on 
investigating 770 patients between the ages of 62–98 years.

Ytteborg et al. [31] performed a large in vivo study in 166 eyes using differential 
tonometry. A Goldmann applanation tonometer and a Mueller electronic tonometer 
with a 5.5  g plunger weight were used in the study. The age range of subjects 
included in the study was 12–92 years and authors divided them into 4 age groups. 
There was a trend of rigidity to decrease from one group to the other that did not 
reach statistical significance when comparing adjacent groups, but was significant 
when comparing the younger with the older group. In the same study a postmortem 
manometric study was performed in 50 eyes, that demonstrated a slight but not 
significant increase of rigidity with age.

Drance et al. [32] approached rigidity by measuring the applanation tonometry 
in sitting positon and them the indentation tonometry with a Shchiotz tonometer 
with the 10 g weight. Seven hundred ninety eyes were analyzed with regard to age, 
ranging from 10 to more than 70 years old. The subjects were divided in age groups 
covering a span of 10 years each and no difference was found between the average 
rigidity in each group, although the values of rigidity were similar to those calcu-
lated by Friedenwald [33]. Schneider et al. [30] also used differential tonometry and 
found no significant difference with age.

Despite the contradicting results, it is predominatly considered that ocular rigid-
ity is affected by age and that it participates in the evolution of age-related ocular 
pathology, such as glaucoma and age-related macular degeneration. Regarding the 
latter, the group of Pallikaris executed a manometric study in patients with AMD 
[34]. This study comprised patients with dry or neovascular AMD and age matched 
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control subjects. The macular health status of patients was determined by clinical 
examination and fluorescein angiography. All patients were scheduled for cataract 
surgery and rigidity was manometrically measured in theater prior to the operation 
as described previously [19]. The authors did not find any differences between 
AMD patients and controls, but is a subgroup analysis they found a significant dif-
ference between neovascular and non-neovascular or control patients. Authors con-
sider that this implicates a participation of increased rigidity in the development of 
neovascular AMD.

In another study with the same method in open angle glaucoma patients and 
controls, ocular rigidity was not found to be different between patients and controls 
[35]. In this study patients and controls were matched in terms of age and axial 
length and no other ocular comorbidities apart from cataract were accepted. Despite 
failing to provide evidence of altered scleral distensibility in OAG, this study dem-
onstrated the statistically significant difference though in outflow facility.

 Conclusion

Ocular rigidity as measured by various methods is a factor that has been shown to 
increase with age since the early studies of ocular rigidity. Changes of ocular physi-
ology with age support this result. Despite this, not all studies confirm the correla-
tion of age with rigidity, although the disparity in findings among studies might be 
attributed to the method of measurements. Nevertheless, rigidity remains a signifi-
cant parameter of ocular physiology which is possibly contributing to development 
of ocular age-related disease.
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Chapter 15
Ocular Rigidity and Axial Length

Anna I. Dastiridou

 Introduction-Rationale for the Association Between Axial 
Length and Ocular Rigidity

Based on the various mathematical expressions, mainly the one by Friedenwald, but 
also by other researchers as well throughout the years, that have been proposed to 
characterize ocular rigidity (OR) and its coefficient, it is evident that OR is affected 
by ocular volume [1–8]. In Friedenwald’s original paper, K is assumed to represent 
a (more fundamental) parameter k divided by the ocular volume V [1]. In clinical 
practice, the best surrogate marker for volume is axial length. In a normal eye with 
a clear crystalline lens, this could also mean that ocular rigidity is associated with 
refractive error. This is becoming more relevant in fact with the increasing preva-
lence of myopia which already is affecting 1 billion people worldwide  
(see Chap. 21) [9].

 Ocular Rigidity, Axial Length and Refraction

The first report of the dependence of ocular rigidity on refraction was evidenced in 
Friedenwald’s original studies in young individuals. For this analysis, he excluded 
patients aged more than 50 years, in order to exclude the effects of cataract and the 
myopic shifts that often occurs with it, and the effects of age. These measurements 
were in line with the theoretical predictions, with the exception of the case of very 
high myopic eyes where OR coefficient K would take an increased value. This may 
suggest that these pathologic myopia eyes may have been stretched up to their 
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elasticity limit. Furthermore, an association was reported by Friedenwald between 
rigidity coefficient K and mean keratometry [1]. Naturally, it is expected that this is 
mainly due to the strong correlation between the cornea curvature and axial length 
that exists in the population during the course of emmetropisation [10]. Moreover, 
in his original studies, Friedenwald found no correlation between K and cornea 
astigmatism [1]. This finding may further support that cornea properties, and their 
variability at least in normal eyes, do not play a major role in the final OR coeffi-
cient, compared to other factors.

In the first half of the twentieth century, other researchers also investigated the 
relationship between OR and axial length and their findings generally agreed to the 
ones by Friedenwald. Goldmann [11] also reported that rigidity was low in myopia. 
This has been again demonstrated in several studies and the OR coefficient is 
reported to vary in myopia between 0.0060 and 0.0214, while in hyperopia, Draeger 
reported values >0.021 [12–15].

Castrem and Pohjola [16] set out to characterize the relationship between refrac-
tion and rigidity using applanation and Schiotz tonometry with the 10 g weight in 
young individuals aged up to 40 years old and found again that myopes as a group 
had lower OR compared to either the controls or the hyperopic group, but the hyper-
opic and emmetropic group did not manifest statistically significant difference in 
OR. However, it was again interesting to see that some myopic eyes would exhibit 
OR coefficients that were much higher than the average value or even the mean 
value found in the hyperopic refraction group. They measured a mean OR coeffi-
cient of 0.0162  ±  0.0005 (0.0108–0.0255) in myopia, 0.0184  ±  0.0002 
(0.0128–0.0282) in emmteropia and 0.0189 ± 0.0003 (0.0115–0.0270) in hyperopia.

Silver and Geyer, in their original paper, have proposed a mathematical expres-
sion that incorporates the volume of the eye for use in calculations of volume 
changes from pressure changes, after analysis of the then available data from living 
human eyes [2, 3]. It is evident, in their study, that the pressure volume relationship 
is affected by the eye volume and also by other material properties of the tissue.

Finally, in a study conducted by our group [17], we explored the association 
between OR and axial length and showed that the OR coefficient measured intraop-
eratively in a large number of human eyes is inversely correlated to axial length. We 
also found in that study that ocular pulse amplitude and pulsatile ocular blood flow 
also decrease with increasing axial length. The participants’ median axial length 
was 23.69 mm (interquartile range 3.53 mm) and the measured OR coefficient was 
0.0218 ±0.0053 μl−1 (see Fig. 15.1). These measurements suggest decreased pulsa-
tility in eyes with longer axial length and might also be important in the tonographic 
and pneumotonometry measurements. In that study we did not analyse data for 
refraction since the eyes examined had cataracts which would have artificially mod-
ified their refraction.

However, it is important to acknowledge that in myopia not only volume, but 
also the biomechanical properties of the sclera (and the choroid) may vary (see 
Chap. 5). So which parameter is more important? Perkins conducted a study to test 
whether it is mainly the larger volume in myopic eyes that is responsible for the 
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difference in OR. He used enucleated eyes 1–16 days postmortem and concluded 
that most of the variability in OR can be directly attributed to a difference in ocular 
volume, rather that alterations in the biomechanical properties of the sclera [19].

 Ocular Rigidity and Shape of the Eye

The volume of the eye is also related to its shape. The shape of the eye is not spheri-
cal, and in fact this may be more pronounced in highly myopic or highly hyperopic 
eyes. Therefore, the ocular volume may not be well approximated by the antero- 
posterior diameter, which we measure in clinical practice as the axial length. An 
interesting study in enucleated eyes has provided indirect evidence that the shape of 
the globe influences the measured OR. In that study, Friberg et al. [20] measured 
OR in 14 enucleated eyes before and after scleral buckling and found that OR was 
lower after the procedure. This difference was attributed to the distortion in the 
shape of the eye caused by the buckling procedure and also implied that greater 
volumes of gases, antibiotics etc. can be injected in those eyes before causing an 
extensive IOP rise. This effect was also tested in another study in enucleated eyes 
[21], with a marked reduction in OR measured upon placement of the buckle and 
reversibility of the effect after its removal. Interestingly, it is proposed that elastic 
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Fig. 15.1 Scatter-plot of the ocular rigidity coefficient versus axial length measurements from the 
manometric study by our group [17] using the relationship proposed by Kotliar et al. [18]
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silicone banding material produces greater changes in OR compared to the influ-
ence of altered shape and wall stress that occurred with metal banding [22].

If the eye dimensions vary considerably relative to axial length, this would 
explain a percentage of the variance seen in the relation between the latter and 
OR. In a study conducted by Silver et al. (Silver DM, et al. IOVS 2010; 51: ARVO 
E-Abstract 5019), the authors proposed a formula that relates the volume to the 
axial length of the eye. They studied human eyes postmortem and reported that this 
approximation generally provides acceptable accuracy. However, it remains uncer-
tain whether large deviations may occur in highly myopic eyes.

Tabernero and Schaeffel [23], analyzed peripheral refraction profiles and concluded 
that the peripheral retinal shape is more irregular in cases of low myopia compared to 
emmetropic eyes. This may signify that large differences in ocular volume and OR 
may occur with small changes in axial length. Furthermore, imaging with optical 
coherence tomography and three-dimensional magnetic resonance tomography has 
revealed that irregular curvature in eyes with myopia is found more often in eyes that 
also manifest retinochoroidal lesions [24]. This is very important because it highlights 
again the link between biomechanical factors and specific disease phenotypes.

Therefore, the association between OR and axial length is not linear across the 
range of axial length. Eyes with staphylomas for instance are expected to manifest an 
altered response to an increase in volume. In fact, the relationship between myopia 
and low OR coefficient may also be influenced by concurrent changes in the proper-
ties of the sclera. During the course of a volume increase in the eyes of animal mod-
els, researchers have found changes in the distensibility and the thickness of the 
scleral wall [25–28]. These correspond to alterations in the cellular level and in the 
exracellular matrix, as well as at the level of the choroid and lead to changes in ocular 
blood flow [25–27, 29–31]. In the human eye, the increase in the volume of the eye in 
the case of pathological myopia is accompanied with changes in both the anterior and 
the posterior segment [32, 33]. However, the anterior segment is more consistent geo-
metrically. The dimensions of the posterior segment can vary considerably (see 
Fig. 15.2). It is well known that high myopia can cause severe complications from the 
posterior segment, including chorioretinal atrophy, retinal detachment, myopic macu-
lopathy and choroidal neovascularisation [33]. Some of these complications may also 
be causing changes in ocular rigidity. Moreover, the issue can be complicated even 
more, since pressure measurements can be inaccurate, especially in cases after refrac-
tive surgery or in thin corneas and also, eyes with myopia are more prone to develop-
ing open angle glaucoma, compared to the general population [34]. Finally, there are 
theories that support that the mechanical load of IOP drives the process of eye elonga-
tion. It is however generally believed that matrix and cellular factors contribute to the 
biomechanically weakened sclera and eye elongation that occurs in myopia [35].
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 Additional Considerations

Τhe negative correlation between OR coefficient K and axial length underlies the 
difference in the effect of a fixed volume intravitreal injection on the IOP rise in 
different eyes. The intravitreal injection produces a volume change and results to a 
pressure change that is more pronounced in hyperopic eyes with a short axial length 
compared to long myopic eyes. This was reported in a very interesting study by 
Kotliar et al. [18], where the authors used Schiotz tonometry to measure intraocular 
pressure before and after injection of 0.1 ml of triamcinolone. This is also important 
to take into consideration when injecting any drug in the vitreous in a smaller eye.

The relationship between axial length or refraction and ocular rigidity is also 
important to consider when using formulas where pressure changes are used to calcu-
late volume changes. Therefore, by assuming a mean ocular rigidity value, pulsatile 
ocular blood flow can be estimated with pneumotonometry and outflow facility can 
also be calculated with tonography. Interestingly there are reports of altered POBF in 
myopic eyes compared to controls and the possible confounder in these results is that 
ocular rigidity in those eyes may vary as well compared to the control group [36–38].

Fig. 15.2 Magnetic 
resonance imaging in a case 
of nanophthalmos (above) 
and high myopia (below)
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 Conclusion

Ocular rigidity measured either manometrically or by indentation tonometry varies 
according to the axial length of the eye. Eyes with longer axial length and/or myopia 
manifest lower values of ocular rigidity, while eyes with smaller axial length and/or 
hyperopia show higher values of the coefficient. However, some eyes with high 
myopia may show a high ocular rigidity coefficient, contrary to the aforementioned 
association. This relation with axial length may be important to consider in the 
pathophysiology of myopia. This may also be important in tonography, ocular pulse 
amplitude and pulsatile ocular blood flow studies and also when performing intra-
vitreal injections.
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Chapter 16
Ocular Rigidity and Intraocular Pressure

Anna I. Dastiridou

 Introduction

Intraocular pressure (IOP) corresponds to the tissue pressure of the eye. It is also the 
most important risk factor for the development and progression of glaucoma. Based 
on the description of ocular rigidity (OR), it is expected that IOP should play an 
important role in the biomechanics of the eye [1]. Interestingly, measurements in the 
living human eye suggest that the pressure volume relationship is non linear and that 
the ocular rigidity, i.e. the slope of the change in pressure with a change in volume, 
increases with increasing intraocular pressure [2–11]. However, there is disagree-
ment in the literature as to the influence of IOP on the rigidity coefficient K.

 The Effect of Intraocular Pressure on Ocular Rigidity

The association between OR an IOP was an important matter of investigation in the 
middle of twentieth century. It was especially important since Schiotz tonometry 
was an important tool commonly used in tonometry and OR and its variability was 
another source of error in the measurement of IOP. However, in the twenty-first 
century, this relationship may in fact have more important implications as to the 
calculation of pulsatile ocular blood flow (POBF) with pneumotonometry or out-
flow facility with tonography, since these techniques are based on measurement of 
pressure changes [8, 12].

It is generally accepted that the rate of pressure change versus volume change 
increases with increasing IOP. This was found in animal studies, enucleated human 
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eye studies and living human eyes [2–11]. In a previous study published by our group 
[9], we explored the characteristics of the pressure volume relationship in the living 
human eye based on measurements performed with a manometric setup in the operat-
ing theater, prior to phacoemulsification surgery. This was performed under topical 
anesthesia with drops for a range of pressures between 15 and 40 mmHg, which is 
clinically relevant. We fitted the experimental data with an exponential curve, based on 
Friedenwald’s approach [1], which was justified based on the R2 values that were over 
0.97. The average K in our set of measurements was 0.0224 μl−1 which is similar to the 
0.0215 value used by Friedenwald. The slope of the pressure volume curve increases 
with increasing IOP suggesting that the eye becomes stiffer in higher IOP levels in 
agreement with the above investigations (Fig. 16.1). The association between K and 
IOP was not consistent in every eye in the subset of eyes where such an analysis was 
performed (unpublished data). Factors that may have somehow affected the results 
include the use of mydriatics, the fact that all measurements were performed in other-
wise normal eyes with cataracts and that measurements were performed in the supine 
position. Nevertheless, the process of increasing the IOP could probably be regarded 
as more physiologic compared to the pharmacologic IOP modulation or application of 
a suction cup. This is also the largest series of measurements in the living human eye.

Previous research has focused on the association between the rigidity coefficient 
and IOP. Ytteborg performed his manometric measurements in 9 eyes scheduled 
for enucleation and stated that the OR coefficient was negatively correlated to IOP 
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[4]. In his study in a larger number of enucleated human eyes, he again reported 
(using a different measurement setup) a fall in rigidity coefficient with rise in pres-
sure [3]. In addition, he reported considerable individual variation between eyes. 
Prijot also suggested that OR is influenced by the level of IOP and it is not constant 
over the range of pressures [2, 13, 14]. Gloster and Perkins also set out to investi-
gate the relation between K and IOP [15–17]. Initially, they performed manometric 
studies in rabbits [15], where they reported that K increases with increasing IOP, in 
both living and dead animals. A large variability in OR measurements between 
eyes was also found. However, experiments in the dead human eye found the exact 
opposite results, with K decreasing with increasing IOP, although there was a wide 
variation in the results between eyes [16, 17]. These measurements were performed 
in the dead eye in situ or in enucleated eyes. Grant and Trotter, finally, performed 
their measurements in enucleated human eyes and did not observe a dependence of 
K on IOP in the pressure range of 10–45 mmHg [18].

Mathematical expressions other than Friedenwald’s also have also been sug-
gested. The most recent analysis was by Silver and Geyer [19]. They analysed the 
data available in the literature by 5 researchers from pressure-volume measurements 
in 21 living human eyes that were scheduled for enucleation. The measurements 
were performed in a pressure range between 8 and 61  mmHg. The underlying 
pathology may have as well altered the results but the data analyzed were the only 
data available then for the human eye in vivo. Silver proposed a new mathematical 
expression for ocular rigidity based on these data, since the raw data suggest a 
smaller pressure rise for a given volume increment compared to the Friedenwald 
data, from enucleated eyes [2–7, 13, 14]. In fact, the initial part of the pressure vol-
ume relationship is thought to be affected by the blood supply, mainly from the 
choroid and in animal experiments, this was shown to be affected by systemic blood 
pressure [20]. It is also true that measurements differ in the living and dead eye and 
this is attributed to a large extent to the role of the blood supply in the measurement 
[3, 6]. Silver and Geyer in fact proposed that their equation may be more accurate 
for use in estimating volume change for both clinical and research purposes.

Finally, other metrics of the biomechanical properties of the eye also seem to be 
affected by the mechanical load that IOP exerts. Corneal deformation spatial and 
temporal profiles in air puff measurements seem to be largely affected by the IOP 
[21]. The deformation of the optic nerve tissue and lamina cribrosa is also affected 
by the IOP [22, 23]. The interrelation between biomechanics and glaucoma also 
becomes more complicated, since differences in biomechanical properties of the 
eye wall seem to influence tonometry readings [24].

 Ocular Pulse Amplitude, Pulsatile Ocular Blood Flow 
and the Relationship with Intraocular Pressure

IOP flunctuates in relation to the heart beat. With each cardiac systole the heart 
pumps a bolus of blood in the vessels of the eye. The amplitude of this pulsation 
represents the ocular pulse amplitude (OPA). There are various ways to measure 
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OPA, but the main ones nowadays include dynamic contour tonometry with the 
Pascal tonometer and pneumotonometry.

Pulsatile ocular blood flow (POBF) is a parameter that measures a significant 
percentage of the total ocular blood flow that is related to the heart rate. It represents 
the amount of blood flow that enters the eye with each heartbeat. In order to quantify 
POBF, real time pressure recordings are transformed with the use of the pressure- 
volume relationship to volume changes [12, 25]. This is the principle behind pneu-
motonometry. POBF is a parameter that mainly characterizes the choroidal 
circulation, while the retinal contribution is regarded to account for only a small 
percentage of POBF. Age, axial length, posture and eye disease have been reported 
to affect OPA and POBF [26–34].

In a study published by our group [9], we explored the relationship between IOP 
(and ocular rigidity) with OPA and POBF. Since we were able to artificially modu-
late IOP and volume, and therefore measure the rigidity of each given eye, we were 
able to improve the accuracy in the calculation of POBF. Based on our results, both 
OPA and POBF were affected by IOP (Fig. 16.2a–c). This was later reported in a 
cohort of open angle glaucoma patients as well [10]. Increasing IOP led to an 
increase in OPA and decrease in POBF (Fig. 16.3a, b). In fact, increasing the IOP 
from 15 to 40 mmHg led to an increase in OPA by 91% and a decrease in POBF by 
29%. A positive correlation was also found between the rigidity coefficient and 
OPA (Fig. 16.4). This remained significant after controlling for other variables, such 
as age, mean blood pressure and pulse rate.
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The association between IOP and OPA has been investigated before with some 
disagreement in the literature. Ιn an animal study, OPA was found to be positively 
correlated with IOP [35]. In the human eye, Langham et al. [36] found that OPA 
decreased with increasing IOP, by means of a suction cup, while studies with 
dynamic contour tonometry concluded that OPA increased with increasing IOP 
[37–39]. POBF has also been reported to vary with IOP in patients with primary 
open angle glaucoma, normal tension glaucoma and in controls [40–43]. In our 
study, this association was found both in normal eyes and eyes with open angle 
glaucoma with increasing IOP between 15 and 40 mmHg [10].

Interestingly, during the course of the measurement a series of events take place. 
The increased IOP means that a given change in volume will lead to an even more 
pronounced change in IOP and a larger OPA. In the same time, the increase in IOP 
leads to a decrease in the ocular perfusion pressure in the eye and a decreased blood 
flow or even a different pattern of pulsatile to steady flow. Meanwhile, the increased 
pressure leads to an increasing amount of aqueous that is leaving the eye with the 
outflow channels.
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Fig. 16.4 Scatterplot of the relationship between the ocular pulse amplitude (OPA) at an intraocu-
lar pressure of 15 mmHg against the ocular rigidity coefficient K (r = 0.650) (Reproduced under 
permission from [9])
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 Conclusion

Although some evidence exists that the rigidity coefficient may vary with intraocu-
lar pressure, this has not been confirmed in other studies. There is however consid-
erable body of evidence suggesting that the pressure volume relationship in the 
living human eye is affected by the level of IOP and that the ocular pulse amplitude 
and pulsatile ocular blood flow are affected by the level of IOP in normal and glau-
comatous eyes.
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Chapter 17
Ocular Rigidity and Cornea Disease

Argyrios Tzamalis, Esmaeil Arbabi, and David A. Taylor

 Introduction

In the past few decades there has been a constantly increasing interest in the biome-
chanical properties of the cornea. The cornea is comprised of tissue with elements 
of both elasticity and viscosity [1, 2]. Any elements that change the structure of the 
cornea may impact its biomechanical properties. The 3-dimensional meshwork of 
transversely oriented collagen fibers plays a dominant role in giving the corneal 
stroma its specific visco-elastic configuration and is a significant factor in the deter-
mination of corneal shape [3].

The optical properties of the eye can be affected by very slight alterations in 
corneal shape [2, 4]. Such changes can be induced either by corneal diseases, such 
as ectatic disorders, or by refractive surgery [5–8]. These conditions or procedures 
not only change corneal structure and its optical properties, but they also have a 
great impact on its mechanical properties [7, 8]. Therefore, it has become crucial to 
better understand corneal biomechanics, as these properties may contribute signifi-
cantly to the development of pathologies, and may allow us to predict corneal 
behavior and improve the results of treatment modalities. Beyond refractive proce-
dures and corneal pathologies, the assessment of corneal biomechanics is a factor to 
be considered in glaucoma diagnosis and management, as this variable significantly 
impacts the measurement of intraocular pressure (IOP), prompting inaccurate 
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tonometry readings even within the limits of a normal population, but especially 
after refractive surgery [9–12].

The development of devices designed to assess corneal biomechanics has been 
an important step to bring theory from the lab into clinical practice. The Ocular 
Response Analyzer (ORA, Reichert, Buffalo, New  York, USA) based on non- 
contact applanation tonometry in a bidirectional mode and CorVis ST (Oculus 
Optikgeräte GmbH, Wetzlar, Germany) using Scheimpflug imaging of corneal 
deformation are the main in-vivo technologies which are currently available for a 
clinical evaluation of corneal biomechanical properties. Further methods that are 
still under investigation include Brillouin microscopy, ultrasonic elastography, 
speckle pattern interferometry and high frequency ultrasonic analysis of corneal 
changes. Although, significant advancements have been made in recent years in the 
measurement and understanding of corneal biomechanics, the unique and complex 
variables involved in in-vivo assessment of ocular biomechanics, particularly the 
IOP, may prohibit the determination of “classical” biomechanical indices, such as 
elastic modulus. It is, therefore, very important to understand the measurement 
parameters provided by these devices and to be able to interpret the results that are 
provided.

 Ocular Rigidity and Corneal Biomechanics

Ocular rigidity (OR) is a measure of the resistance that the eye exerts to distending 
forces describing the relationship between pressure and volume changes in the 
human eye, mainly referring to the elasticity of the sclera and the cornea [13]. Well 
before modern corneal biomechanical parameters, such as corneal hysteresis (CH) 
and corneal resistance factor (CRF), were involved in the analysis of corneal elastic-
ity and viscosity, ocular rigidity was estimated as an attempt to assess biomechani-
cal properties of the cornea, especially in keratoconic patients [14–17].

Although in their initial study in 1978, Foster et al. did not show any difference 
in ocular rigidity between normal and keratoconic eyes [14], several other authors 
reported a significantly reduced ocular rigidity in ectatic corneas [15–17]. 
Furthermore, corneal thinning was found to be correlated with OR in some of those 
studies [17]. On the other hand, investigating ocular rigidity in living human eyes 
Pallikaris et al. found no significant correlation between the ocular rigidity coeffi-
cient and central corneal thickness, advocating that variations in central corneal 
thickness may affect corneal rigidity but have less impact on ocular rigidity [18]. 
However, as pointed out by Kalenak et al., Friedenwald’s concept of ocular rigidity 
[13] is empirically derived and thus ocular elasticity should be classified using fun-
damental engineering terms, such as Young’s modulus [19].

The impact of refractive surgery on ocular rigidity has also been investigated in 
several studies leading to controversial results. Using an invasive manometric ocu-
lar rigidity measurement device in rabbit eyes, Kymionis et al. showed no differ-
ences in ocular rigidity between eyes that underwent photorefractive keratectomy 
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(for −10.00 diopters (D) in a 5-mm optical zone) and their fellow control eyes, 
when measuring OR 5 weeks later [20]. In contrast, Cronenberger et al. utilizing 
differential tonometry in human eyes after LASIK, found a significant change in 
ocular rigidity, induced by the procedure [21],

In recent years, multiple methods have been developed to measure corneal bio-
mechanical properties in vivo, producing new biomechanical variables such as CH 
and CRF. However, their relationship to ocular rigidity has not been fully clarified 
yet. Attempting to do so, Lin et al. demonstrated a significant negative correlation 
between CRF and OR in normal eyes, while CH and OR were not found to be cor-
related to each other [22]. Interpreting their results, the authors support that CRF is 
related to OR as it primarily reflects ocular tissue elasticity, while CH is not associ-
ated with ocular rigidity and likely reflects tissue viscosity [22].

 Corneal Structure and Biomechanics

Corneal structure and anatomy strongly differ between layers of the cornea as col-
lagen orientation and density varies. Each corneal layer plays a role, to a lesser or 
greater level, in the biomechanical resistance. Some layers have almost no contribu-
tion to the stiffness of the cornea as they are purely cellular.

The epithelium and the endothelium have been proven to contribute very little in 
comparison to the stroma, although they can indirectly impact corneal stiffness due 
to their ability to regulate its hydration status [23]. Bowman’s membrane, with its 
densely packed collagen lamellae, has a substantial role in preserving corneal stabil-
ity, especially after refractive surgery [24]. The majority, thus, of corneal biome-
chanical properties can be attributed to the corneal stroma, which also varies 
between its anterior and posterior part. Finally, the pre-Descemet membrane, that 
has recently been described by Dua et al. [25] is still under investigation regarding 
its biomechanical contribution, but it is thought to contribute significantly to corneal 
stiffness due to its surmised mechanical strength.

 Corneal Biomechanics of the Epithelium

Corneal epithelium is a thin layer that represents the anterior 50 μm of the cornea 
and its role in corneal stiffness has been investigated lately with controversial 
results. Yoo et al., using creep tests in bovine eyes, have shown a higher intrinsic 
stiffness of the epithelium in comparison to the corneal stroma [26]. Their findings 
are opposed to those reported by Elsheik et al., who were the first to evaluate the 
contribution of the epithelium to the overall corneal stiffness by means of inflation 
test in human corneas, and found that it was much less than the one produced by the 
corneal stroma [23]. The above-mentioned discrepancy could be attributed to differ-
ences in the methods used and the measured modulus to define corneal 
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biomechanics. Recently, atomic force microscopy (AFM) has been used on rabbit 
corneas by Thomasy et al. to evaluate epithelium biomechanical properties, con-
cluding that epithelial biomechanical strength was lower in comparison to other 
corneal layers [27]. The same technique has also been used on human corneas, 
showing that the elastic modulus of the basement membrane reached a mean of 
7.5 ± 4.2 kPa ranging from 2 to 15 kPa, much higher than that of rabbits [28].

 Corneal Biomechanics of the Bowman’s Membrane

Bowman’s membrane is a smooth, acellular, non-regenerating layer, that is 8-12 μm 
thick in adults [29]. It is composed of a densely packed meshwork of randomly 
oriented collagen fibrils and its posterior surface merges with the collagen fibrils of 
the corneal stroma, thus possibly playing a significant role in stabilizing corneal 
curvature [24]. Regarding its biomechanical properties, it is not considered to con-
tribute substantially to corneal stiffness, although its disruption represents a risk 
factor for corneal ectatic disorders [30–32]. By means of AFM, Bowman’s layer 
elastic modulus was found to be higher than the one of the anterior stroma, while 
using the finite element method (FEM) one fifth of the overall bending corneal 
rigidity was attributed to the Bowman’s layer and the Descemet’s membrane 
[33, 34].

 Corneal Biomechanics of the Stroma

The corneal stroma accounts for almost 90% of the overall corneal thickness and 
has a high density in collagen fibrils. It is, thus, considered to be the main contribu-
tor to the corneal stiffness and in general the biomechanical properties of the cornea. 
It is consisted of numerous collagen lamellae that have a preferred orientation in the 
vertical and horizontal directions [35].

Extracellular matrix components also play a key role in the structure and subse-
quently the biomechanical behavior of the cornea and its transparent status. The 
diameter of collagen fibrils is controlled by keratan sulfate proteoglycans (PGs), 
while interfibrillar spacing and lamellar adhesion is regulated by dermatan sulfate 
proteoglycans [36]. On the other hand, Gycosaminoglycans (GAGs) interfere with 
collagen fibrils only in an electrostatic level. However, they are essential to sulfate 
PG core proteins which, when found in reduced levels, are strongly associated with 
several ectatic disorders [37–39]. Moreover, it has been found that acidic GAGs 
correlate positively with the degree of collagen fiber organization in the human 
corneal stroma [40].

Many methods and techniques have been utilized so far attempting to define the 
stromal biomechanics, both destructive ex-vivo as well as non-destructive in vivo. 
There has also been a great debate regarding differences of corneal elastic modulus 
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and other properties between the anterior and posterior stroma, as well as between 
the central and peripheral part of the stroma. Collagen lamellae demonstrate specific 
differences between the anterior and posterior stroma. Their density is shown to be 
considerably higher and their arrangement much more complicated with extensive 
interlamellar branching in the anterior stroma [41, 42].

The anterior stroma has been shown to have a higher elastic modulus when com-
pared to the posterior one in various studies [27, 43–45]. This has been proven both 
by indentation testing as well as by AFM in human and rabbit corneas respectively, 
indicating an almost 3 times greater corneal stiffness in the anterior stroma [27, 43]. 
Furthermore, an association was found between the axial gradient in lamellar inter-
twining with an axial gradient in the effective elastic modulus of the cornea [43]. 
Focusing exclusively on human corneas by means of AFM Dias et al. have reported 
average values of elastic modulus that ranged between 281 kPa in the anterior and 
89.5 kPa in the posterior stroma [44]. Investigating the depth-dependent mechanical 
anisotropy of the human corneal stroma, Labate et al. reported a unique anisotropic 
elastic behavior in a tissue level (with a steep decrease at 140 μm depth of stroma) 
as well as in a molecular level [45].

Mikula et al. took the investigation of stromal elastic modulus a step further try-
ing to produce a map of corneal elasticity by means of acoustic radiation force 
elasticity microscope (ARFEM) [46]. Their results showed that the average elastic 
modulus was higher in the anterior stroma in the central (4.2 ± 1.2 kPa [anterior] vs 
2.3 ± 0.7 kPa [posterior]) and middle regions (3.4 ± 0.7 kPa [anterior] vs 1.6 ± 0.3 kPa 
[posterior]); however it was significantly lower than the one of posterior stroma 
when examining regions in the corneal periphery (1.9  ±  0.7  kPa [anterior] vs 
2.9 ± 1.2 kPa [posterior]). There is some evidence that the posterior peripheral cor-
nea exhibits more interweaving as the inclination angles of collagen lamellae are 
higher in this region, which could explain these results [47].

 Corneal Biomechanics of the Dua’s Layer

The pre-Descemet’s layer or Dua’s layer that has recently been demonstrated by 
Dua et al. using electron microscopy is an acellular layer above Descemet’s mem-
brane, 10.15 ± 3.6 microns thick, that consists of 5 to 8 lamellae of predominantly 
type-1 collagen bundles arranged in transverse, longitudinal, and oblique directions 
[15]. As it has only been described 7 years ago, limited data exist in the literature 
regarding its biomechanical response and properties. However, it is considered as an 
important factor in corneal hydrops and it has been shown that its stabilization with 
sutures and intracameral air injection could faster restore the imperviousness of 
posterior stroma throughout the control of acute hydrops [48].

Investigating the microstructure of endothelial keratoplasty grafts by means of 
two-photon optical microscopy, Lombardo et al. found that the far posterior stroma 
demonstrates an alteration in its configuration at approximately 10 μm above the 
Descemet’s membrane (DM). The collagen fibrils of this pre-Descemetic layer 
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exhibit an intertwined complex with DM, that cannot be separated using hydrodis-
section [49]. Consequently, although Dua’s layer seems to play a key role in corneal 
stiffness its contribution needs to be further examined in future studies.

 Corneal Biomechanics of the Descemet’s Membrane

Descemet’s membrane is a basement membrane that acts as a barrier between cor-
neal stroma and the endothelial layer. It is 8–10 μm thick in adults, starting from 
3 μm at birth and its structure includes different kinds of collagen (Type IV and 
VIII) being secreted by the single layer of squamous epithelial cells that lies under-
neath [50]. There is a great variety in the results of studies aiming to evaluate the 
elastic modulus of DM depending on the method used. For example, Last et al. [33] 
using AFM have measured the elastic modulus of DM as high as 50 ± 17.8 kPa, 
while in other studies utilizing creep tests the elastic modulus was found to be sig-
nificantly higher and DM showed to be 3.4- to 5.2-fold stiffer and to attain 2.7- to 
4.6-fold higher stress at a strain value of 0.10 when compared with lens capsule 
[51]. As mentioned before, the collagen fibrils of Dua’s layer form an intertwined 
complex with DM and possibly this could explain why DM and Bowman’s mem-
brane contribute almost 20% to the overall corneal rigidity [52]. The topography of 
the Descemet membrane has been shown to be similar to that of the anterior basal 
membrane, but with a smaller pore size resulting in more dense structure. This 
structural difference may be responsible for the observed differences in elasticity. 
Determining these values could assist to the design of a better cellular environment 
model as well as to the production of artificial corneas [52].

 Corneal Biomechanics of the Endothelium

Corneal endothelium is the inner and probably most important monolayer of the 
cornea. It consists of unique hexagonal cells that function as a barrier to the move-
ment of aqueous humor towards the stroma. The dynamic balance, between the 
barrier and the active pump, controls hydration of the cornea, keeping the cornea 
transparent and regulating thus corneal stiffness [53]. Corneal endothelial cells den-
sity in infants aged 2 months old has been reported to reach up to 5.624 cells/mm2, 
with an average of 4.252 cells/mm2 during the first year of life and decreases with 
age as endothelial cells have limited ability to proliferate in vivo [54]. Yoo et al. 
working on bovine eyes have reported very high values of stiffness for the complex 
of the endothelium with DM, greater than any other corneal layer [26], while when 
using AFM in rabbit eyes, the elastic modulus was assessed 4.1 ± 1.7 kPa, lower 
than that of the corneal stroma [27]. However these studies refer to animal models 
and should be evaluated critically as the anatomy and microstructure may differ 
between species.
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 In Vivo Measurement of Corneal Biomechanical Properties

Currently two devices are available to characterize biomechanical properties of the 
cornea in the clinical setting: Ocular Response Analyzer (ORA) (Reichert, Buffalo, 
New York, USA) and Corvis ST (Oculus Optikgeräte GmbH, Wetzlar, Germany). 
However, there are many other techniques which are currently being evaluated with 
potential application in clinical practice. Such devices and techniques include elec-
tronic speckle pattern interferometry, high-frequency ultrasonographic analysis, 
ultrasonic elastography, and Brillouin microscopy.

Brillouin Optical Microscopy is not yet clinically available, but is a promising 
technique for measuring biomechanical properties of the cornea. It performs non- 
contact Brillouin imaging of the cornea using a combination of a confocal micro-
scope with an ultrahigh resolution spectrometer. Brillouin imaging allows 
visualization of the spatially heterogeneous biomechanical properties of the cornea 
[55]. This has the potential to visualize corneal elasticity and measure depth- 
dependent variations of elastic modulus within the cornea noninvasively with three- 
dimensional resolution. This device was firstly used in bovine corneas and is 
currently in development for use in human eyes with a new commercial device 
currently being developed for by Avedro, Inc. A more detailed discussion of this, 
and the other techniques mentioned above, is beyond the scope of this chapter and 
therefore we limit our discussions to the two devices that are currently commer-
cially available for clinical use.

 Reichert Ocular Response Analyzer

The Ocular Response Analyzer (ORA) was developed by Luce in the early 2000s 
and released commercially in 2005 as a device capable of measuring corneal biome-
chanical properties and IOP values that are less dependent on these properties than 
applanation tonometry. It was the first device to evaluate corneal biomechanics in- 
vivo [56]. The system consists of a solenoid-driven air pump, an infrared light emit-
ter, a light intensity detector, and a pressure transducer inside the air plenum 
chamber. It analyses the response of the cornea during a “bidirectional applanation 
process”—a rapid in/out flexing of the cornea under the increasing and decreasing 
force of an air jet. The air pump delivers a collimated stream of air that causes the 
cornea to move posteriorly, passing through a state of flattening (inward applana-
tion) as it deforms. The infrared light simultaneously shines on the cornea and the 
reflected IR light signal is recorded by the detector from an approximate 3 mm zone 
of the corneal apex [57]. The inward applanation is identified as a peak in reflected 
IR light intensity from the cornea. The applied force of the air jet begins to decrease 
milliseconds after the first applanation and the cornea passes through a second flat-
tening (outward applanation) as it returns to its original curvature. The two applana-
tion events occur within milliseconds of each other, thus ensuring that neither the 
position of eye nor the ocular pulse contaminate the results of the measurement.
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The device records the pressures associated with the two applanation events, 
which are termed P1 and P2 respectively. These two pressures are not the same due 
to viscoelastic properties of the cornea. Specifically, the viscous properties of the 
cornea cause a damping effect, that results in an overestimation of the IOP on the 
way in, and an underestimation of the IOP on the way out. The difference between 
the inward applanation (P1) and the outward applanation (P2) is termed Corneal 
Hysteresis. The term hysteresis comes from the Greek word meaning ‘lagging 
behind’ and is commonly used in physics and engineering to describe materials or 
systems that do not respond instantly to applied forces, but respond slowly, or dis-
sipate a portion of the applied energy. Materials or systems that exhibit hysteresis 
under in/out application of force always have a viscous component. Materials that 
are purely elastic in nature do not have hysteresis. As such, the Corneal Hysteresis 
is primarily indicative of the viscous damping characteristics of the corneal and 
ocular tissue and is not directly reflective of “stiffness”, “resistance”, or “rigidity” 
as these are terms associated with elasticity, not viscosity.

The maximal air pressure applied by the ORA air pump is not constant. Instead, 
it depends on the first applanation pressure (P1) which is a function of the true IOP 
and the biomechanical properties of individual corneas [56]. Therefore, eyes with 
lower pressure on first applanation receive a lower maximum applied force and eyes 
with higher IOP received a higher maximum applied force [57]. This is essential to 
measuring hysteresis as hysteresis is a rate dependent phenomenon and, as such, it 
is important to apply and remove the force at the same rate and to induce a similar 
deformation for eyes with a wide range of possible intraocular pressures. The cor-
neal hysteresis measurement is presented in millimeters of mercury (mmHg).

In addition to Corneal hysteresis (CH) the ORA provides a parameter known as 
Corneal Resistance Factor (CRF). CRF is also derived from P1 and P2 but using a 
constant (k) in a linear equation (CRF = P1-kP2). The constant k is theoretically 
related to elasticity of the cornea and is derived through empirical evaluation of 
relation between P1, P2 and CCT. Finally, utilizing the information gleaned though 
the ORA measurement process, the device also displays an IOP measurement 
(called IOPcc) that effectively compensates for biomechanical variables in corneal 
thickness. The derivation and clinical interpretation of this measurement is beyond 
the scope of this chapter.

It should be noted that the ORA monitors the complete corneal deformation via 
its electo-optical system, recording 400 data samples of reflected light signal from 
the cornea during the approximately 25 ms long measurement. ORA PC software 
versions 2.0 and later calculate of 37 “waveform” parameters that describes the 
actual measurement signal from the in/out corneal deformation process. These 
parameters provide additional information that appears to be useful in the evalua-
tion of the corneal biomechanics. To this point, a “keratoconus Match Index” soft-
ware module was released by Reichert in 2009, compatible with Generation 1 
(2005–2012) versions of the ORA instrument. While results appear promising, 
more studies are needed to explain the exact application and meaning of these 
parameters in clinical context [58, 59].
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 Oculus Corvis ST

The Corvis ST (CVS) was introduced in 2010 and, like the ORA, uses a jet of air to 
deform the cornea [60]. However, it provides information about the response of the 
cornea via dynamic Scheimpflug imaging analysis [61, 62]. The air-puff has a fixed 
maximum pressure of 25  kPa which forces the cornea through several distinct 
phases. During the first phase of measurement (inward) the air puff moves the cor-
nea posteriorly until it reaches the highest concavity (HC) which is then followed by 
a period of corneal oscillations. As the applied force decreases, the cornea passes 
through a second applanation (outward phase) before finally returning to its natural 
state of rest. The Ultra high speed Scheimpflug camera is capable of 4430 frames 
per second (capturing approximately 140 frames during the 30-ms process) using an 
ultraviolet free 455 nm blue light with a single slit beam along an 8.5 mm horizontal 
corneal coverage before, during, and after the air-puff induced dynamic deforma-
tion, which provides a two-dimensional visualization of the deformation process 
[61, 62].

The Corvis system continuously records the time of the corresponding applied 
air pressure during the measurement so the corneal state is correlated with the air 
pressure at specific points of time and specific applied air pressure [61]. Zero value 
for time is marked a few milliseconds before the start of the air pulse from the 
pump. The camera starts taking images to calculate the corneal thickness and curva-
ture data before initiation of the air pulse and setting the cornea into motion. From 
the corneal thickness measurements and characterization profile the system calcu-
lates the Ambrósio Relational Thickness through the horizontal meridian (ARTh) 
which is comparable to some extent to the tomographic relational thickness calcula-
tions available on the Pentacam [63]. The corneas’ response to air pressure is char-
acterized by multiple deformation parameters, some of which are reported to be 
correlated with the tissue’s mechanical stiffness [57, 64]. The system displays a 
video of the corneal deformation process and plots results on 3 graphs; deformation 
amplitude, applanation length, and corneal velocity. The Corvis measurement pro-
cess makes possible the capture of numerous unique parameters including, but not 
limited to, the applanation times, applanation deformation amplitudes, applanation 
deflection amplitudes, applanation velocities, applanation lengths (the length of the 
applanated corneal segment), applanation deflection lengths, maximum deforma-
tion amplitude, maximum deflection amplitude, highest concavity time, peak dis-
tance, radius at highest concavity, highest concavity deformation amplitude, highest 
concavity deflection amplitude, highest concavity deflection length, and whole eye 
movement. In addition, more standard parameters such as corneal radius, IOP and 
pachymetry are also determined and presented.

Very recently, a new combined Tomography Biomechanical Index (TBI) func-
tionality has been made available for the Corvis. This new analysis has been shown 
to be highly sensitive and specific for the identification of keratoconus and even 
forme fruste or sub-clinical keratoconus [65]. Additional studies are needed to con-
firm the results of this promising capability. Finally, the Corvis is also capable of 

17 Ocular Rigidity and Cornea Disease



254

providing a biomechanically compensated IOP value referred to as bIOP, which was 
derived using finite element analysis and takes into consideration CCT, age, and 
dynamic corneal resistance (DCR) parameters. The derivation and clinical interpre-
tation of this measurement is beyond the scope of this chapter.

 Corneal Biomechanics in Healthy Human Corneas

A large base of evidence has been established in the literature in the past 15 years 
since the commercial availability of devices to measure biomechanics in practice. 
Direct correlation between the available parameters and corneal “rigidity” have not 
yet been established as it is still unclear what parameters best represent the true 
corneal modulus of elasticity in vivo. The majority of the publications (nearly 700) 
have presented findings using the Ocular Response Analyzer due to the fact that it 
was the first available device. However, there are approximately 175 publications on 
Corvis already at the time of the writing of this chapter.

In one of the earliest papers on in-vivo corneal biomechanics, Shah et al. reported 
on Ocular Response Analyzer measurements of CH and CRF, along with CCT in 
207 normal eyes of patients with an average age of 62.1 years. They found average 
CH was 10.7 and CRF was 10.3. CH and CRF were shown to be statistically signifi-
cantly, but moderately, correlated to CCT. They concluded that CH, CRF, and CCT 
are related but are not representative of the same physical properties [66]. Numerous 
subsequent studies on normal subjects have reported similar findings [8, 66–68]. 
The diurnal variation of CH in normal subjects across a wide range of ages has been 
studied and reported to be almost constant throughout the day [69, 70]. Three stud-
ies to date on normal children and young adults indicate that CH values in children 
are higher than in adults [71–73]. Three studies on patients with a wide range of 
ages have shown that CH is weakly negatively correlated with age (decreases) [74, 
75]. While there are ex-vivo evidence that the cornea becomes considerably stiffer 
with age [76, 77] it should be remembered that Corneal Hysteresis is related to vis-
cous damping, not elasticity, and as such it should not be a surprise that it appears 
to decrease with age.

 Corneal Biomechanical Parameters After Cataract Surgery

Cataract surgery requires small corneal incisions, but is typically not considered to 
have a major biomechanical impact on the cornea, sans the potential for surgically 
induced astigmatism, which is a minor but semi-frequent undesirable outcome. 
Studies investigating pre- and post-cataract surgery have shown an initial decrease 
in CH and CRF with full recovery of these parameters in 1–3  months [78, 79]. 
These short term biomechanical changes are likely due to corneal edema and the 
natural post-operative wound healing process. It has also been reported that micro-
incisonal cataract surgery provides a faster biomechanical recovery than a standard 
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phacoemulsification during the first post-operative month [80]. In addition, Denoyer 
et  al. reported that CH was more predictive of post-operative surgically induced 
astigmatism than incision size [81].

The effects of femtosecond laser-assisted cataract surgery (FLACS) vs phaco-
emulsification on corneal biomechanics has been studied using the Corvis. 
Significant differences were found in several parameters between the two groups at 
1 week after surgery with FLACS group showing a lesser impact on the corneal 
biomechanics vs phacoemulsification. Similar to findings with the ORA, these 
changes in biomechanics were no longer detected at 1 month after surgery indicat-
ing the healing of the incision, and the reduction of swelling [82].

 Corneal Biomechanical Properties in Fuchs 
and Corneal Transplants

Corneal pathologies often result in changes in corneal thickness and corneal geom-
etry. Beyond these common and easily measured variables, researchers have long 
discussed potential alterations of biomechanics in ocular pathology, such as Fuchs’ 
and Keratoconus. Del Buey et al. showed that CH was significantly lower in eyes 
with Fuchs’ (6.9 vs 10.3 in normal controls) even though the central corneal thick-
ness was significantly higher in the Fuchs’ eyes (606 vs 538 microns) indicating that 
CH represents a tissue property, rather than a geometrical aspect of the cornea [83].

Penetrating Keratoplasty (PK) has been studied using biomechanical measure-
ment technologies. Several authors have reported that, compared to normal eyes, 
post PK eyes have slightly lower CH and CRF [84, 85]. Corvis parameters have 
been compared between normal and PK eyes as well. Highest concavity time and 
Corvis radius values showed significant differences. There were no significant rela-
tionships between the keratometric data, the size of the donor and recipient, age of 
the donor and recipient and biomechanical properties obtained by Corvis ST [86].

John et al. demonstrated that CH is significantly lower in eyes following desce-
metorhexis with endokeratoplasty (DXEK) despite the fact that these corneas are 
much thicker than (6.94 for DXEK vs 10.51 for normal) [87]. Clemmensen and 
Hjortdal also reported that Corneal hysteresis and CRF are reduced in Fuchs’ endo-
thelial dystrophy as well as after DSAEK [88]. The surprising reduction in CH in 
post DXEK and DSAEK eyes, despite the substantially greater corneal thickness, 
may be due to the disruption of the “binding” capability of Dua’s layer and 
Descemet’s membrane at the posterior of the cornea.

 Corneal Biomechanical Parameters in Refractive Surgery

All refractive surgery procedures that cut, ablate, and/or remove corneal tissue alter 
the biomechanical properties of the cornea. It is well documented that refractive 
surgery procedures affect the accuracy of IOP measurements due to the thinner and 
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weaker post-operative cornea, which no longer resists the applied force of a tonom-
eter as an average normal cornea would. When devices to measure corneal biome-
chanics became available, groups around the world commenced investigations to 
quantify the biomechanical impact of refractive surgery procedures on the cornea.

Numerous studies have reported a decrease in ORA measures of CH and CRF 
after myopic and hyperopic LASIK reflecting a weakening of the corneal structure 
following the procedure [8, 89–91]. For comparable flap thicknesses and ablation 
depths both CH and CRF decease more in myopic ablation compared to hyperopic 
ablation. Somewhat surprisingly, it has been shown that postoperative reduction in 
corneal hysteresis does not correlate strongly with the amount or percentage of cor-
neal tissue removed. This seems to indicate that CH characterizes properties not 
previously understood and that biomechanical changes induced by refractive sur-
gery may not be predictable based on geometrical changes such as thickness [91]. 
The time course of biomechanical changes after LASIK have also been studied. It 
was reported that reductions in CH and CRF were similar at 1  week, 1  month, 
3 months and 6 months after surgery [92]. It appears the viscoelastic properties of 
the cornea do not return toward preoperative levels based on these metrics. Numerous 
studies using the Corvis have shown significant changes in most Corvis parameters, 
consistent with what one would expect from biomechanical weakening, including 
Applanation lengths, velocities, deformation amplitudes, highest concavity and 
other related parameters [93, 94].

Discerning the biomechanical impact of various methods of flap creation vs the 
impact of photoablation is a topic of great interest. Gatinel et al. investigated corneal 
biomechanical changes after only cutting a corneal lamellar flap with no photoabla-
tion. The flap was cut on one eye of a patient and CH and CRF were measured 
before, the day of, and 25 days postoperatively in both eyes. CH and CRF did not 
change in the control eye, but were significantly reduced in the operated eye. The 
thickness did not change but it is apparent that flap creation has an independent 
biomechanical impact [95]. Hamilton et al. investigated changes in corneal biome-
chanics between mechanical keratome LASIK, Femtosecond flap LASIK, and 
PRK. While there were no significant differences in ablation depth, delta CH, or 
delta CRF between the 3 groups, the FS-LASIK group experienced changes in CH 
and CRF that were more strongly related to the ablation depth, than the change with 
PRK and LASIK with microkeratome flap creation [96].

More recently studies on small incision lenticule extraction (SMILE) have been 
conducted and have shown that this procedure also causes significant reduction in 
biomechanical measurements by ORA and Corvis. ORA Parameters CH and CRF 
are significantly altered as well as most Corvis parameters. However, it has been 
shown that SMILE-induced changes are lesser than LASIK [97]. In a study compar-
ing biomechanical differences in corneas treated with SMILE vs femtosecond laser- 
assisted LASIK (FS-LASIK) almost all Corvis parameters showed significant 
changes in both groups postoperatively. However, matched pair subgroup analysis 
of eyes with initially equal CCT, IOP, SE, and difference of pre-to postoperative 
CCT showed no significant changes in parameters between FS-LASIK and SMILE 
[98]. This would seem to indicate that FS-LASIK and SMILE induce similar 
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biomechanical changes to the cornea, but more studies are needed to confirm these 
early results.

Also of interest, the correlation between corneal biomechanics and the corneal 
short-term response to orthokeratology lens wear has been studied. CH is signifi-
cantly correlated with changes in steep keratometry and central corneal thickness in 
patients wearing ortho-k lenses and with changes in steep keratometry during recov-
ery. Overall, higher values of CH result in slower effect and recovery of the ortho-
keratologic effect [99].

It is clear, based on the evidence, that refractive surgery has a substantive impact 
on corneal biomechanical properties. Additional studies using the ORA, Corvis, and 
other biomechanical assessment tools should help us to increase our understanding 
of these changes and, ideally, to utilize this knowledge to improve refractive surgery 
outcomes and to prevent complications.

 Corneal Biomechanics in Keratoconus

Keratoconus is a noninflammatory condition of unknown aetiology affecting the 
central cornea characterized by progressive thinning and steepening of the cornea 
[100]. Increased distensibility has been reported to be an important factor in the 
pathogenesis of keratoconus [101]. As such, the desire to understand corneal biome-
chanical properties in keratoconus eyes is obvious. The hope is that measurements 
of corneal biomechanical properties could help to predict development of these con-
ditions earlier than conventional diagnostic devices, such as Topography. In addi-
tion, identification of eyes with a propensity to develop keratoconus could help 
eliminate iatrogenic ectasia, a rare but dreaded potential complication from LASIK 
surgery.

Shah was the first to report ORA parameters of CH and CRF were significantly 
lower in Keratoconic eyes compared to normal eyes [67]. Since many other studies 
confirmed this finding [102–106], the severity of keratoconus has been shown to be 
negatively correlated with CH and CRF [8]. CRF appears to be able to better dis-
criminate between normal and keratoconus eyes, however, using CRF alone to 
detect KC has a low specificity and sensitivity. Ambrosio et al. identified an optimal 
CRF cut off value of 9.60 with a sensitivity, specificity and test accuracy of 90.5%, 
66% and 77% respectively [107]. Schweitzer et al. evaluated the ability of ORA 
parameters to distinguish between normal and forme fruste keratoconus (FFKC) 
eyes. The mean CH and CRF were found to be significantly different between the 
controls and FFKC eyes with a 9.5 cut-off value providing sensitivity, specificity, 
and test accuracy similar to previous reports [108].

A case report by Kerautret et al. documented a patient who developed unilateral 
corneal ectasia after bilateral LASIK. It was observed that the two eyes had similar 
postoperative CH and CRF values, but that the affected eye produced a very differ-
ent ORA signal waveform. The waveform applanation peaks were lower amplitude 
and the area under the peaks, especially the second peak, was greatly reduced 
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compared to the non-ectatic [109]. This was the first published evidence of differ-
ences in ORA waveform characteristics in post refractive surgery and ectasia eyes.

Research by Saad, Gatinel, and Luce showed that ORA waveform parameters 
enable significant separation of normal and forme fruste keratoconus eyes. The 
waveform parameters far outperformed the CH and CRF parameters [110]. Zarei- 
Ghanavati et al. investigated the ability of ORA waveform parameters to differenti-
ate between normal post-LASIK eyes and keratoconus eyes. After statistically 
controlling for the differences in CCT and age, seven parameters were found to be 
the most useful in distinguishing between the groups. Combining these parameters 
provided an area under the ROC curve of 0.932. The authors concluded ORA wave-
form is useful to identify biomechanical conditions [111].

ORA inventor David Luce (1935–2017) utilized these waveform parameters in 
an analysis of normal and KC data to determine whether the ORA waveform could 
better differentiate between normal and KC corneas than CH and CRF alone. 
Signals from 836 normal eyes and nearly 500 clinically identified keratoconus eyes 
were segregated into subpopulation of severe, moderate, mild, and FFKC were 
compared mathematically. Of the studied parameters, 12 were combined into the 
keratoconus match index (KMI), which provides higher sensitivity and specificity 
in separating normal from KC eyes than CH or CRF [112]. Rocha et al. investigated 
the ORA KMI in normal, suspect, keratoconus, and asymmetric keratoconus 
patients who had frank keratoconus in one eye, but topographically normal contra-
lateral eye. The KMI agreed with the topographical identification in the normal, 
suspect, and keratoconus groups. It also agreed with the topographical indices in the 
frank keratoconus eye of the asymmetric keratoconus patients. However, in the 
topographically normal contralateral eyes, the KMI indicated forme fruste kerato-
conus [113].

While the KMI software appears to be promising in detecting keratoconus, the 
manufacturer (Reichert Inc) has indicated that the software has not yet been updated 
to function with newer Generation II and III versions of the Ocular Response 
Analyzer due to changes in instrumentation hardware, challenges with regulatory 
approval of the new parameters, and greater company focus on the glaucoma utility 
of the ORA device.

 ORA and Corvis Measurements in Crosslinking (CXL)

Corneal Collagen Crosslinking (CXL) is the world’s first medical treatment for 
keratoconus, intended to halt progression by the formation of chemically bonded 
crosslinks in the stroma. Numerous authors have studied the effects of CXL on 
corneal biomechanical measurements using the ORA and Corvis. A variety of pub-
lications have shown an absence of significant change in corneal hysteresis and 
corneal resistance factor by Ocular Response Analyze after CXL [114]. Bak-Nielsen 
et al. reported on the effects of CXL using the Corvis ST. Patients with both untreated 
and CXL-treated keratoconus were significantly different from normal patients with 
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respect to the standard Corvis deformation parameters but no significant differences 
were found between patients with untreated keratoconus and CXL treated keratoco-
nus [115]. These findings are considered by many to be in contrary to anticipated 
results causing some to question whether the ORA and Corvis are sensitive enough 
to detect the biomechanical changes induced by crosslinking. Still others have ques-
tioned whether or not crosslinking induces measurable biomechanical changes in 
in-vivo keratoconus patients [116].

Spoerl et al. investigated changes in ORA waveform parameters pre- and post 
CXL and found that, while the CH and CRF did not change, numerous waveform 
characteristics were altered by the CXL. The area under peak 2 was noted to be the 
ORA parameter most able to detect biomechanical changes after CXL. The authors 
concluded that after CXL keratoconic corneas display altered biomechanical prop-
erties, which remain different to those observed in healthy corneas [117].

In more recent investigations certain novel Corvis parameters showed differ-
ences between crosslinked corneas and untreated keratoconic corneas. In a small 
cohort of eyes measured pre- and post CXL (n = 10) Fuchsluger et al. found that 
Applanation 1 length − Applanation 2 length (A1L − A2L), velocity during second 
applanation (A2V) and deformation amplitude (DA) were significantly increased in 
crosslinked keratoconic eyes both compared with untreated keratoconic eyes and 
with healthy controls. Vinciguerra et al. reported on a series of new DCR (dynamic 
corneal response) Corvis parameters and found significant increases in SP-A1 and 
SP-HC and significant decreases in 1/R, DefA, and DA Ratio. It should be noted 
however that in both studies there were statistically significant changes pre- & post 
CXL in pachymetry and intraocular pressure and which could influence corneal 
stiffness parameters [118, 119].

While certain ORA waveform parameters and novel Corvis parameters seem to 
be promising to distinguish crosslinked from non-treated keratoconus eyes, it is 
clear that more research is needed in this area.

 Corneal Biomechanics and Glaucoma

Glaucoma is an optic neuropathy that involves structural damage to the optic nerve 
and related vision loss. While these changes occur in the posterior of the eye, there 
has been ample published evidence over the past 20 years that the cornea provides 
useful information in the diagnosis of glaucoma. OHTS, the longest running and 
largest glaucoma trial in history put the cornea on the map in the glaucoma world 
with its surprise finding that corneal thickness was independently related to the 
development of glaucoma and more significant in this regard than IOP. Since the 
publication of OHTS, hundreds of papers have been published investigating corneal 
biomechanics and their relationship to glaucoma risk.

In the earliest publication to investigate the relevance of the CH measurement in 
glaucoma, Congdon et al. determined that lower CH, but not CCT, was associated 
with progressive visual field loss in a series of 230 patients with 5 years of visual 
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field follow up history [120]. Numerous other authors have found that CH is signifi-
cantly lower in POAG, and is independent from CCT and IOP [121, 122].

Anand et al. investigated CH in patients with asymmetric glaucomatous progres-
sion and found that lower CH had the best discriminability for the eye with the 
worse VF despite there being no difference in CCT or Goldmann IOP values 
between the two eyes [123]. In a later study by the same group, it was demonstrated 
that CH was associated with rate of progression in glaucoma. In 153 eyes of 153 
patients (mean age 61.3, mean number of VF tests 8.5, and mean follow-up time 
5.3  years), progressing eyes had lower CCT and lower CH compared with non- 
progressing eyes. In the multivariate analysis only peak IOP, age, and CH remained 
statistically significant [124]. In a prospective longitudinal study by Medeiros, CH 
was shown to explain a larger proportion of the changes in Visual Field Index than 
CCT (17.4% vs. 5.2%, respectively) and the effect of IOP on rates of glaucoma 
progression was dependent on the CH levels [125]. In a similar study it was reported 
that eyes with lower baseline CH had a higher probability of developing glaucoma-
tous visual field defects in a cohort of pre-perimetric glaucoma suspects followed 
over 4 years. Each 1-mm Hg lower CH was associated with an increase of 21% in 
the risk of developing glaucoma [126].

In conclusion, the assessment of corneal biomechanics in vivo is fundamental to 
predict the corneal behavior to several changes that occur either with age, ocular 
pathologies or after surgical procedures. Even though a big number of studies have 
already been published dealing with this issue, mostly utilizing the ORA and Corvis 
ST, no general reliable conclusions can be drawn as there is a lack of consistency 
and not enough evidence. Further clinical studies and the implication of new tech-
nologies may enable the clinician to foresee the clinical results of various ocular 
treatments introducing new modalities with higher safety and efficacy.
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Chapter 18
Ocular Rigidity and Glaucoma

Diane N. Sayah and Mark R. Lesk

 Introduction: The Relevance of Ocular Rigidity in Glaucoma

Biomechanics is a rapidly developing field, joining physics and biology, and bring-
ing new insights unto physiological and pathophysiological mechanisms. The con-
cept of ocular rigidity (OR), a biomechanical characteristic of the eye or measure of 
the resistance that the eye exerts against distending forces, was brought forth in 
1937 by Jonas S. Friedenwald, a prominent ophthalmologist and scientist, when he 
proposed the ocular rigidity function. This function describes the relationship 
between the change in ocular volume (V) and intraocular pressure (IOP), when the 
latter is above 5 mmHg [1]. Friedenwald’s ocular rigidity function is:

 
log

IOP

IOP
K V V

0
0� �� �

 

where K is the ocular rigidity coefficient. A greater K value corresponds to a more 
rigid eye.

While obtained empirically to describe the pressure-volume relationship in the 
eye, this equation was later demonstrated to be consistent with the mechanical prop-
erties of collagen [2, 3]. Alternative and more accurate formulae were developed, 
however the Friedenwald function remains the most commonly used to calculate the 
ocular rigidity coefficient clinically [4].

Through his studies on the rigidity of the eye, Friedenwald was seeking to 
improve the accuracy of tonometry readings and investigate differences between 
normal and diseased eyes. Indeed, ocular rigidity was clinically relevant due to its 
influence on the measurement of IOP by indentation tonometry. The conversion 
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table used to estimate IOP from scale readings assumed the same rigidity for all 
eyes, leading to under- or overestimation of IOP.

While more recent tonometry techniques are less dependent on ocular rigidity, 
our interest in measuring OR in living human eyes remains. The ability to quantify 
the structural and material properties of the corneoscleral shell could help elucidate 
the pathophysiological mechanisms of ocular diseases such as glaucoma, and thus 
improve their diagnosis and treatment.

Glaucoma is the leading cause of irreversible blindness in the world. An insidi-
ous and unpredictable disease, glaucoma causes damage to the retinal ganglion cells 
(RGC) that form the optic nerve and can remain asymptomatic until major irrevers-
ible visual loss has occurred. The clinical hallmark of this disease includes the pro-
gressive deformation and excavation of the tissues of the optic nerve head [5], as 
seen in Fig. 18.1. Once detected, the disease’s progression rate cannot be antici-
pated. Furthermore, the pathogenesis of open-angle glaucoma (OAG), the main 
form of glaucoma, is poorly understood.

While the development of OAG was traditionally attributed to elevated intraocu-
lar pressure (IOP), the susceptibility of individual eyes to glaucomatous damage is 
variable. Nearly half of OAG patients have IOP within the normal range [6], going 
up to almost 90% of patients in some populations [7]. In contrast, most patients with 
elevated IOP do not develop glaucoma [8]. This suggests that factors other than IOP 
must also underlie the susceptibility of the optic nerve head (ONH) to glaucoma-
tous injury.

The realization that a given IOP can result in very different stresses and strains 
at the ONH in different eyes led to an entire field of research known as ocular 

Normal Optic Nerve Glaucomatous Optic Nerve

Fig. 18.1 Glaucomatous optic neuropathy is characterized by the progressive deformation and 
excavation of tissues at the optic nerve head. Thinning of the neuroretinal rim due to axonal loss, 
increased cupping and bowing of the lamina cribrosa are clinical hallmarks of this disease (Drs 
Sayah and Lesk)
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biomechanics. Central to this theory is the fact that the retinal axons that unite at 
the ONH to form the optic nerve leave the eye through the lamina cribrosa. The 
lamina is the major load-bearing tissue of the ONH and is accepted as both a site 
of discontinuity and weakness in the corneo-scleral shell of the eye and as the most 
likely site of damage to ONH axons [9–13]. The mechanical theory postulates that 
elevated mechanical stresses lead to axonal damage and loss of retinal ganglion 
cells [14].

There is mounting evidence that the stiffness of the sclera and the lamina cribrosa 
are important risk factors in the development and progression of glaucomatous optic 
neuropathy, perhaps more so than IOP [15]. This chapter will review the most prom-
inent findings pertaining to this topic, and will present the evidence on the link 
between OR and OAG. It will focus on OR and other relevant biomechanical met-
rics and their alteration in glaucoma, and is meant to be complementary to the other 
chapters in this textbook.

 The Main Findings of Ocular Rigidity in Glaucoma

The following sections will present the main findings pertaining to the biomechani-
cal properties of the eye in glaucoma, from the most anterior to the most posterior 
structures. The outer coat of the eye is formed by the cornea and the sclera, two 
tough connective tissues that make up the corneoscleral shell. Posteriorly, the cor-
neoscleral shell is pierced by the scleral canal through which the retinal ganglion 
cells’ (RGC) axons exit the eye on their way to the brain. The lamina cribrosa (LC), 
a specialized region of the sclera, spans the scleral canal. It is clear that remodeling 
of these tissues occurs in glaucoma, thus altering the mechanical environment of 
the optic nerve head. The properties of these structures will be briefly reviewed 
with an emphasis on their relevance in glaucoma. The trabecular meshwork, region 
of interest for the aqueous outflow and IOP regulation in glaucoma, will also be 
presented.

For additional information on the biomechanical properties of each of these 
structures, please refer to the corresponding chapters in this textbook.

 The Cornea

The cornea is the anterior extension of the sclera, and its viscoelastic properties and 
thickness contribute to the overall rigidity of the eye. The main biomechanical prop-
erties of the cornea which can be currently measured and studied in glaucoma are 
the central corneal thickness (CCT), corneal hysteresis (CH), corneal resistance fac-
tor (CRF), and many others that have been studied less extensively.
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 Corneal Thickness

CCT is most frequently measured using ultrasound pachymetry, optical pachyme-
try, Scheimpflug imaging or anterior segment optical coherence tomography [16]. 
Initially, CCT was used in the clinical management of glaucoma to correct IOP 
readings [17]. This correction was later shown to be inadequate due to the absence 
of algorithm to accurately predict the true IOP corrected for CCT [18]. The Ocular 
Hypertension Treatment Study (OHTS) was the first to demonstrate the importance 
of CCT as a predictor for the development of OAG [8]. In this study, a CCT of 
555  μm or less was associated with a threefold increased risk of developing 
OAG. Further investigation has confirmed CCT to be an independent predictor for 
the development of primary open-angle glaucoma (POAG) [8, 19] as well as a risk 
factor for the development of visual field (VF) loss in glaucoma patients [20].

Several experiments were carried out to better understand the link between CCT 
and posterior structures of the eye in glaucoma. While this association remains 
unclear, due to the absence of correlation between CCT and laminar and scleral 
thicknesses [21, 22], a thinner cornea was suggested to be associated with a more 
compliant lamina cribrosa due to larger displacement of the LC with IOP reduction 
in eyes with lower CCT [23]. Furthermore, an inverse relationship was found 
between CCT and optic disc size or area, perhaps indicating larger and more deform-
able optic discs with lower CCT [24]. In a study involving non-invasive measure-
ment of OR, a positive albeit weak correlation was also found between OR and 
CCT, indicating that subjects with a thinner cornea may have a more compliant 
sclera [25]. In a similar clinical study, no relationship between OR and CCT was 
found, arguably due to low statistical power [26].

In subjects with no corneal pathology, CCT remains relatively stable. CCT was 
reportedly lower in subjects from African descent (AD) and Hispanics compared to 
Caucasians [27–30], although this difference was later shown to be dependent upon 
CH [31]. While CCT also decreases with age, and can be altered with some topical 
treatments [32–34], it is not known to change over time in glaucoma patients as their 
disease advances [35].

 Corneal Viscoelastic Properties

CH and CRF can be measured in vivo using the Ocular Response Analyzer (ORA; 
Reichert Ophthalmic Instruments, Inc., Buffalo, NY, USA), a non-contact tonome-
ter that measures the biomechanical response of the eye to a rapid air jet-induced 
deformation at the cornea [36]. The Corneal Visualization Scheimpflug Technology 
tonometer (Corvis ST: CST; Oculus, Wetzlar, Germany), a more recent device, visu-
alizes and measures corneal deformation also in response to an air impulse using a 
high-speed Scheimpflug camera [37]. It measures numerous parameters, many of 
which have been shown to be correlated with CH and CRF [38].

CH and CRF are considered to be analogous to the viscous and elastic properties 
of the cornea respectively. Both parameters have been shown to be relevant in 
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glaucoma. Typically, average CH and CRF values in non-diseased eyes are around 
10.5 mmHg [39, 40]. CH was found to be significantly lower in POAG [41–44] 
compared to controls, while both CH and CRF were found to be highest in OHT 
eyes [45]. Numerous studies also associated a lower CH with an increased risk of 
glaucoma progression [46–49]. Furthermore, in a study investigating CH in asym-
metric glaucoma progression, worse eyes had significantly lower CH than the less 
damaged eyes (8.2 ± 1.9 vs. 8.9 ± 1.9 mmHg; p < 0.001), while CCT and IOP did 
not significantly differ between eyes. CH was thus the most discriminative index for 
predicting the eye with worse VF in asymmetric OAG [50]. Moreover, when com-
paring corneal biomechanical factors, reported findings showed lower CH values to 
be predictive of glaucoma progression, more so than CCT [46, 47].

How these corneal properties are linked to optic nerve susceptibility and glauco-
matous damage remains unclear, although no correlation was found between these 
parameters and OR [51]. Some speculate that the viscoelasticity of the corneal 
extracellular matrix (ECM) could be related to the properties of the ECM in the LC 
and peripapillary sclera (PPS). This would mean that an eye with a more deformable 
cornea (low CH) may also be more vulnerable to IOP-induced ONH damage. Some 
studies on the relationship between CH and ONH morphology have found lower 
CH to be associated with larger cup-to-disc ratio [52, 53], deeper cup in untreated 
POAG [52] and small rim area [53]. However, another study did not find such cor-
relations in a large, non-glaucomatous cohort [54]. When subjected to an acute but 
transient IOP elevation, glaucomatous eyes have shown a correlation between CH 
and optic nerve surface displacement, whereas controls did not [42]. When IOP was 
reduced in POAG subjects, greater change in ONH cup area occurred in POAG eyes 
with lower CH when controlling for baseline IOP and IOP change, but this was not 
significant when all factors were included in the multivariate model [55]. Similarly, 
no significant association was found between CH and RNFL thickness in glaucoma-
tous subjects when multivariate analyses were carried out [56, 57].

CH is a dynamic property. While it has been shown to decrease only slightly with 
age [58], it has been shown to have a mild inverse relationship with IOP [59, 60]. 
Consequently, CH can be altered following IOP-lowering therapies such as with 
topical prostaglandin analogues (PGA) [33]. Other surgical IOP-lowering strategies 
also showed increased CH post-operatively [60, 61], while maintaining a lower CH 
in the treated eye compared to the contralateral healthy eye in some cases [60]. 
Furthermore, low-baseline CH, but not CCT, can be predictive of a greater magni-
tude of IOP reduction following treatments such as PGA (29 vs. 7.6% IOP reduc-
tion with mean CH 7.0 mmHg vs. 11.9 mmHg respectively, p = 0.006) [62] and 
selective laser trabeculoplasty (SLT) [63]. Ethnic differences point to lower CH in 
subjects of African Descent (AD) [31], in both healthy and glaucomatous eyes [64]. 
Whether this could be linked to the higher predilection of AD subjects of develop-
ing glaucoma remains unknown.

In summary, CH may be more relevant in glaucoma than CCT by its stronger 
association with disease severity, risk of progression, and effectiveness of glaucoma 
treatments [65]. How these findings can be related to ONH biomechanics remains 
to be elucidated.
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 The Sclera

The sclera is the fibrous envelope of the eye. Since the sclera is responsible for the 
majority of the ocular globe’s rigidity, it is not surprising that the Friedenwald equa-
tion can be derived from the mechanical properties (stress-strain relationship) of its 
primary constituent, collagen [2, 3]. In his original study, Friedenwald derived the 
ocular rigidity function empirically from experiments on enucleated eyes. Most OR 
measurements since then were performed in cadaver eyes [14, 66–68] or in vivo by 
means of Schiotz tonometry, either paired readings or differential tonometry using 
both indentation and applanation tonometry, or by laser interferometry and ocular 
pulse amplitude measurements [1, 23, 69]. More recently, numerical modeling has 
provided insight into the profound effect of biomechanical properties of the corneo-
scleral shell on the level of stress exerted on the ONH [15, 70–72]. These models 
have shown that forces at the ONH are considerably higher than the IOP [73]. 
Furthermore, finite element modeling suggested that scleral stiffness could be the 
most important biomechanical factor in determining stress and strain at the 
ONH [15].

Until now, reported outcomes on the association between OR and glaucoma 
remain mitigated. Inflation studies in cadaver eyes, and in vivo studies using indi-
rect measurements showed higher OR in eyes with established glaucoma [69, 74–
76]. More recent studies reported an inverse correlation between glaucomatous 
neuroretinal damage and OR [51], low OR in OAG [25, 77], and highest OR in 
ocular hypertensives (OHT) with no glaucomatous damage [25]. Finally, using 
intraoperative cannulation, one experiment showed no difference between diseased 
and healthy eyes [78]. How can these results be reconciled? The idea that perhaps 
OR is altered during the course of the disease is an interesting one, although this has 
not been assessed yet. As early as 1960, Drance postulated that while OR seems to 
be increased in long-standing glaucoma, decreased OR in untreated glaucoma 
patients was possible [76]. Discrepancies may also be due to confounding factors 
which can influence OR values. Some of these factors include:

 1. Post-mortem changes: Experiments using enucleated eyes often yield higher val-
ues of OR when compared to in vivo measurements. This is thought to result 
from the influence of the vasculature and extraocular muscles in living eyes, and 
of edema in postmortem eyes [26, 79–81]. While comparison of glaucomatous 
and non-glaucomatous eyes remains possible, limited knowledge as to the prior 
state of the eyes and the history of the disease is available when using human 
cadaver eyes. Furthermore, dynamic behavior cannot be easily assessed using 
cadaver eyes.

 2. Glaucoma stage or severity: In most studies, glaucomatous patients are chosen 
following diagnostic criteria including signs of axonal and VF damage [69, 75]. 
Since VF defects are detected only after a substantial proportion, 30–50% of 
RGCs are lost [82, 83], these subjects have established glaucoma. Therefore, OR 
is not often measured near the initiation of glaucoma, and changes may have 
occurred that modify the initial OR. As well, these cross-sectional experiments 
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do not permit the assessment of how OR changes during the course of glaucoma. 
Perhaps longitudinal studies will help establish whether OR could be low in 
early stages and increases with advanced disease, as proposed by Drance [76].

 3. IOP and IOP-lowering therapy: In several studies investigating OR in glaucoma, 
recruited patients are on IOP-lowering therapy. Due to the dependence of OR on 
IOP, results thus need to be interpreted with caution [4]. Furthermore, commonly 
used IOP-lowering medications may have an effect on OR possibly through 
alterations of the sclera’s composition [1, 77, 84].

 4. Ocular volume: The relationship between OR and the diameter or volume of the 
eye is well known. OR is thought to be lower in longer eyes, such as in axial 
myopia [25, 85]. Myopia is also a known risk factor for glaucoma, with a two- to 
threefold increased risk of glaucoma compared with non-myopes [86, 87]. 
Theoretically, this would be due to greater IOP-induced strain in larger eyes [88], 
and needs to be controlled for in clinical studies investigating OR.

 5. Age: There is evidence for the association between aging and increased OR [1, 
26, 89]. Induced crosslinking from the accumulation of advanced glycation end 
products in tissues with aging could be at fault [90, 91]. These age-related 
changes in the composition and thickness of the sclera and ONH would increase 
LC and PPS stiffness [92, 93]. Since aging is also a risk factor for glaucoma, a 
high OR would then be thought to be associated with glaucoma. However, this 
may not be the case as demonstrated by more recent clinical and computational 
studies [15, 25] and needs to be further investigated.

 6. Ethnic differences in OR: Through inflation studies and ONH reconstructions 
from cadaver eyes, ethnic differences were observed between eyes from African 
descent (AD) and those from European descent (ED). PPS stiffness was reported 
to be higher in aging AD eyes compared to ED eyes [94]. Similarly, AD eyes 
showed an increase in scleral thickness and LC depth with age, whereas ED eyes 
did not [93].

 7. Measurement techniques: Different approaches, both invasive and non-invasive, 
to measure OR have been used and are described in more detail in another chap-
ter. Each has advantages and limitations, which renders results pertaining to OR 
in glaucoma to be interpreted with caution. Historically, OR was measured in 
living human eyes using differential tonometry. This technique consisted of com-
paring Schiötz and Goldmann tonometry results, but was later considered inac-
curate primarily due to the dependence of both indentation and applanation 
tonometry on the biomechanical properties of the eye [95–98]. The most signifi-
cant source of this variability in OR coefficients originates from the use of 
weights in Schiötz tonometry, which compress the ocular wall and displace a 
significant amount of intraocular fluid [95, 98], but also through the erroneous 
assumption that the OR of all eyes is standard in the applicability of the conver-
sion table which provides the IOP reading in mmHg [95, 99, 100].

Other non-invasive methods were developed to measure OR based on 
Friedenwald’s equation. The first method estimated the ocular volume change 
(ΔV) by measuring the movement between the cornea and inner retina in 
response to the cardiac pulse, also known as the fundus pulse amplitude (FPA) 
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[69]. Another group measured the change in axial length (AL) following phar-
macological IOP reduction to estimate OR [75]. Both methods consisted of mea-
suring the anterior to posterior expansion of the corneoscleral shell, which is 
itself dependent on the ocular rigidity [101]. Instead of measuring the response 
of ocular coats to an increase in volume, choroidal laser Doppler flowmetry was 
used to estimate the amount of blood injected in the eye with each cardiac pulse 
as an indicator of ΔV to estimate OR. However this gave only relative values 
because choroidal blood flow was measured in arbitrary units [25].

Due to the difficulties of quantifying ΔV with other methods, anterior 
chamber manometry remained the main technique to directly calculate OR 
in vivo [26, 79, 102, 103]. This technique is used at the outset of surgery and 
involves injecting small increments of fluid into the anterior chamber while 
measuring the resultant change in IOP. It could be considered the “gold stan-
dard” for clinical OR measurements, however its invasive nature limited its 
applicability in clinical use. Instead of injecting known volumes of fluid in the 
eye and measuring resulting IOP changes to estimate OR, our group has 
recently developed a non-invasive, clinical method to directly measure OR in 
living human eyes [104]. The approach is based on video-rate Spectral Domain 
optical coherence tomography (OCT) and Pascal Dynamic Contour Tonometry 
(DCT) to measure ΔV and the pulsatile IOP change respectively. It acquires a 
time-series at least 8 mm wide of the submacular choroid with OCT images 
captured at 8 Hz, and through automated segmentation of choroidal boundar-
ies, measures the pulsatile choroidal thickness change. The change in choroi-
dal thickness during the cardiac cycle is then extrapolated to ΔV using a 
mathematical model of the eye [105]. OR measurements obtained using this 
method have been shown to be strongly correlated (r = 0.853, p < 0.001) with 
those obtained invasively in the same eyes, confirming the validity of the 
method [105]. The repeatability of OR coefficients was also confirmed [105]. 
In addition, OR differences between non-myopic and myopic eyes were found 
using this technique, showing lower OR in axial myopia. While the develop-
ment of an accurate and non-invasive instrument to measure OR in a clinical 
setting had limited the study of OR on a large scale, recent studies revealed that 
lower OR was significantly associated with greater RNFL and ganglion cell 
damage across the spectrum of glaucoma [51].

The mechanism by which the sclera is altered in glaucoma has not been estab-
lished, and in vivo studies indicating OR alterations in glaucoma remain sparse. 
Changes in the content and composition of collagen fibers in glaucomatous eyes and 
in suspected glaucomatous eyes were found [106]. However, while increased OR in 
established glaucoma may be related to stiffness or thickness of the sclera, no rela-
tionship was found between OR and scleral thickness [107]. This reinforces that to 
better understand the fundamental biomechanical paradigm and the forces that lead 
to ONH damage, it is perhaps necessary to evaluate OR in conjunction with other 
factors such as the biomechanical properties of the PPS and the LC, which make 
major contributions to the stresses and strains in the ONH.
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 The Lamina Cribrosa/Optic Nerve Head

An extension of the sclera, the LC is a porous disc at the base of the optic nerve head 
through which the axons composing the optic nerve leave the eye. It features a com-
plex three-dimensional structure composed of a network of flexible beams of con-
nective tissue. As it spans the scleral canal, this fenestrated and vascularized tissue 
provides mechanical as well as metabolic support to the retinal ganglion cells’ 
axons as they leave the eye [108].

Biomechanically, the LC is a structure of great interest and is thought to be the 
principal site of axonal damage in glaucoma [9, 12, 109]. The LC is significantly 
more compliant and thinner compared to the surrounding sclera. It corresponds to 
about one-tenth of the sclera’s stiffness and one-third of the PPS thickness [108]. It 
is thus considered a ‘weak spot’ in the corneoscleral shell [73]. Its vulnerability is 
further exacerbated by its surroundings. On one side the intraocular space and on 
the other the retrobulbar space represent high (IOP) and low (cerebrospinal fluid 
pressure, or CSFP) pressure environments respectively, creating a translaminar 
pressure gradient (TLPG) across this barrier [110]. The TLPG, estimated as the dif-
ference between IOP and CSFP divided by the laminar thickness [111, 112], would 
generally produce an outward bowing of the LC. IOP- induced circumferential stress 
can also act on the ONH via the corneoscleral shell and PPS to expand the scleral 
canal. Both these elements can give rise to considerable stress and strain which in 
turn can induce morphological changes within these structures, but also disrupt axo-
plasmic flow within the RGC axons at the LC level [109, 113–116] and impinge on 
the delicate ONH vasculature [117]. LC deformation is thus mediated by IOP, CSFP, 
as well as the geometrical and material properties of the sclera and LC of the indi-
vidual eye [108]. Eye-specific characteristics thus mediate the susceptibility to 
glaucoma in individuals at any given IOP.

Chronic IOP elevation and transient IOP elevations were found to produce tissue 
remodeling in the ONH through various pathways, including through the activation 
of astrocytes and LC cells [118–121]. Stretching induces remodeling of the extra-
cellular matrix in the LC [122–124]. This remodeling can influence the stiffness of 
the LC and in turn, play a role in the development of OAG. Laminar stiffness is 
shown to increase with age [68, 90, 125], more so in patients of African origin [93, 
126, 127]. A plethora of studies have investigated LC mobility in ex vivo [14, 66–
68, 128] and histological studies [14, 129–132] as well as in monkey eyes [129, 133, 
134] and living human eyes [135–139], and more recently through engineering 
modeling [15, 70, 140]. Some have suggested an initial hypercompliance in early 
glaucoma [129, 134] and most have documented increased rigidity later in the 
course of the disease [14, 66–68, 128, 129, 133, 135, 141]. Morphologically, glau-
comatous changes to the laminar structure have been shown to manifest as posteri-
orizing of the LC insertion into the sclera, increased cupping and focal laminar 
defects [108]. Focal defects such as laminar holes and disinsertions were found to 
be linked with disk hemorrhages [142–145] and RNFL defects [146, 147]. 
Enlargement of the laminar pores were also found, particularly in the superior and 
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inferior quadrants where early glaucomatous RNFL defects and VF loss are most 
common [130]. Laminar posteriorizing was greater in glaucomatous eyes compared 
to controls [148], and greater LC depth was found in high-tension glaucoma com-
pared to NTG [149]. Posteriorizing of the LC insertion and peripheral LC were 
shown in OAG eyes compared with age-matched controls, the latter being more 
displaced in the vertical meridian [150]. This was consistent with the findings in 
asymmetric glaucoma where prelaminar tissue was thinner and the LC was more 
posterior in the eye with VF loss compared to the contralateral eye with no VF 
defect [151].

In experiments involving significant IOP reduction or elevation, LC displace-
ment was shown to bend in either direction (i.e. inward or outward) [152, 153]. This 
can be dependent on its initial position and the stiffness of the surrounding tissue. 
When OAG subjects were divided in three groups according to disease severity, and 
anterior LC depth (ALD) was imaged using OCT prior to and after significant IOP 
reduction, the results showed posterior displacement of the LC in the group with 
lesser VF damage, anterior displacement in the group with moderate damage and 
close to no displacement in subjects with greater glaucoma damage [152]. Perhaps 
these results suggest that the LC is stiffer in advanced glaucoma, and that the group 
with less VF damage has a more compliant sclera. In other words, while a compliant 
PPS would expand with high IOP, producing a taut pulling of the lamina and an 
expansion of the scleral canal, IOP reduction would reverse this expansion. The LC 
would hence move outward, back to its original position as the IOP is reduced, as 
illustrated in Fig. 18.2. However, this remains to be verified.

As more imaging tools are developed to study the biomechanical behavior of the 
LC, a small and relatively inaccessible structure of the eye, it will become possible 
to assess glaucomatous changes over time through longitudinal studies. However, 
confounding factors including age-related changes in stiffness of the laminar tissues 
and ethnic differences will continue to challenge our understanding of the disease 
process.

 The Trabecular Meshwork

IOP is maintained through careful equilibrium between aqueous humor production 
by the ciliary processes and evacuation mainly through the trabecular or uveo-
scleral pathway. The trabecular, or conventional, pathway is responsible for 85% of 
aqueous humor outflow from the eye. Its primary constituent is the trabecular 
meshwork (TM). Involved in IOP regulation and IOP elevation in glaucoma, it is a 
region of great interest in glaucoma research. This is particularly true when consid-
ering that increased resistance of aqueous outflow through the TM is a known risk 
factor for glaucoma and can cause ocular hypertension [8, 100].

From a biomechanical perspective, the stiffness of the TM is relevant in the 
development of glaucoma. Since the TM cells are contractile [154], this may cause 

D. N. Sayah and M. R. Lesk



277

an increased outflow resistance [155]. On the other hand, this can also lead to tissue 
remodeling [156], and subsequent TM stiffness alteration. Some evidence points to 
increased TM stiffness in glaucoma [157, 158]. The mechanism through which this 
occurs remains unknown.

The measurement of TM stiffness can be challenging in living human eyes. More 
importantly, interpreting both ex vivo and in vivo measurements can be problematic 
as many agents, including topical glaucoma medications can alter TM function and 
potentially TM stiffness [159]. Much like other tissues of the eye, additional con-
founding factors include age and ethnic differences. Aging was found to increase 
TM stiffness by a factor of two [160] and TM structural differences, mainly a ten-
dency for shorter TM height, were found in patients of African origin compared to 
Asians and Caucasians [161].

The exact significance of TM stiffness, how it is affected by IOP and how it is 
linked to outflow resistance remains unclear and needs to be further investigated to 
better understand the pathogenesis of glaucoma [158, 159, 162, 163].

 Discussion on Competing Hypotheses

The biomechanical paradigm of glaucoma (see Fig. 18.3) stipulates that IOP pro-
duces stress and strain within ocular tissues which ultimately lead to RGC damage 
[71]. The ONH’s response to these biomechanical stimuli has been found to depend 
on eye-specific geometrical and material properties. This is thought to determine an 

Low IOP

High IOP – Compliant Sclera

lamina cribrosa

High IOP – Stiff Sclera

Fig. 18.2 Behavior of the 
lamina cribrosa when 
subjected to low or high 
IOP. When the sclera is 
compliant, increased IOP 
pulls the LC taut due to the 
expansion of the sclera and 
scleral canal. When the 
sclera is rigid, minimal 
scleral deformation occurs. 
Instead, the LC deforms 
posteriorly under the effect 
of IOP. (Reprinted from 
Sigal et al. [164] with 
permission from Elsevier)
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individual’s predisposition to develop OAG. Interestingly, in finite element models 
the stiffness of the sclera was the most influential property on the biomechanical 
response of the ONH to IOP. Over the last 80 years, the role of ocular rigidity in the 
pathophysiology of this blinding disease has been studied. Despite the numerous 
studies on this topic, the association between OR and glaucoma remains unclear, 
and competing hypotheses are highly debated. On one side, OR is thought to be 
higher in glaucomatous eyes, producing higher IOP fluctuations due to rigid ocular 
walls, and hence more deformation at the ONH. On the other side, OR is thought to 
be lower in early glaucoma, engendering axonal stretching and damage. According 
to this theory, increased OR would occur at later stages of the disease. Challenges 
that researchers face when studying OR range from a plethora of confounding 
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factors, both ocular and systemic, including ocular volume and shape, scleral thick-
ness, choroidal blood volume, age and ethnicity, which can have an effect on OR 
[4]. The difficulty in diagnosing glaucoma at the earliest phase of the disease is 
another obstacle. The lack of longitudinal studies to show whether OR contributes 
primarily to glaucoma or is altered due to the disease hinders our knowledge of this 
parameter.

Until recently, there was no reliable, non-invasive clinical method to measure OR 
directly in living human eyes. Hence, interpretation of results with non-invasive 
techniques had to be done carefully, and invasive methods were not suitable for 
large scale testing. Ongoing studies using our novel OCT-based method to measure 
OR will provide insight into the link between OR and glaucoma [104, 105, 165] 
through assessment of OR differences across the glaucoma spectrum [51] and 
through longitudinal assessment of OR throughout the progression of the disease. 
To provide a complete picture of the optic nerve’s biomechanical responses in glau-
coma, LC compliance also needs to be assessed in vivo. Most attempts to study LC 
compliance measure laminar displacement with IOP change [23, 135, 136, 138, 
139, 152, 153, 166] or pulsatility [167–169]. While early studies used scanning 
laser ophthalmoscopy to measure mean cup depth, IOP-induced deformation of the 
prelaminar neural tissue was not found to be a good surrogate for the deformation 
of the LC [70]. Improved imaging methods such as OCT are now used for the direct 
visualization of the LC deeper in the ONH tissue [170]. While this remains a chal-
lenge, coupling the laminar biomechanical properties with OR measurements in a 
same eye would be ideal to understand how RGC axonal damage is mediated by 
scleral and laminar interactions. We think that perhaps glaucoma predisposition 
occurs from a mismatch between scleral and laminar stiffness. However, this 
hypothesis remains to be fully assessed.

A newly considered biomechanical risk factor for glaucoma pertains to ocular 
motility or extraocular muscles and their impact on ONH deformation. It would 
seem that adduction, or the movement of the eye towards the nose, imposes strain 
on the ONH and peripapillary structures [171]. It is hypothesized that repetitive 
movement of the eye over a long period might lead to the development of glauco-
matous optic neuropathy in vulnerable eyes, independently from IOP. This is cor-
roborated by finite element modeling which suggests that greater mechanical stress 
and strain are exerted in the ONH region during adduction, more so than would 
elevated IOP [172]. According to these findings, it might be beneficial to limit 
adduction in certain individuals as therapy to prevent optic nerve sheath tethering 
[173], but much more research is required.

Clinicians and researchers must remember competing hypotheses when study-
ing OR in glaucoma. For example, in addition to the more evident clinical data 
such as age, ethnicity, IOP history, systemic cardiovascular status, and migraine, 
alterations to less clinically accessible factors such as ocular blood flow, vaso-
spasticity, CSF pressure, glial cell function, and axonal susceptibility between 
individuals must be considered among many other factors. Some of these factors 
can be assessed through clinical measurements and others will become accessible 
through genetic testing.
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Currently, the only evidence-based treatment to prevent the progression of OAG 
is to lower IOP, regardless of baseline IOP [174–177]. This supports the importance 
of biomechanics in OAG. IOP reduction can be carried out using pharmaceuticals, 
laser trabeculoplasty, surgical procedures, or a combination of these methods. 
However, current therapeutic options to lower IOP may also bring forth changes in 
the biomechanical properties of the corneoscleral shell, as discussed previously [1, 
32, 77]. Commonly used hypotensive drugs may thus have an impact on OR mea-
surements. On the other hand, while studies unequivocally show the benefit of IOP- 
lowering therapy in slowing structural and functional loss in glaucoma, this does not 
always halt the progression of the disease. Hence, the prevention and treatment of 
glaucoma remain an unsolved problem. This has fueled the development of neuro-
protective treatments which do not rely on IOP reduction. Several experiments have 
shown some promise in protecting RGC following injury [178–184]. One of them 
demonstrated that human recombinant insulin administered as eye drops could 
regenerate RGCs in glaucoma [185].

Given that the biomechanical properties of the sclera and LC are involved in 
axonal damage in glaucoma, altering these properties may also protect against the 
disease. Attempts to alter the stiffness of these ocular tissues to prevent initial RGC 
injury have been carried out [186]. Therapeutic approaches could include targeting 
the matrix metallo-proteinases which modify collagen stiffness, or UV-crosslinking 
of collagen as is currently performed for corneal ectasias [187] and has been 
attempted in the sclera [188–190]. Of course, a central question to this treatment 
option remains: is a stiffer or a more compliant sclera protective against IOP- 
induced stress and strain? Experimental studies in models systems have started to 
approach this question [186, 191].

 Conclusion

Despite the tremendous progress that has been achieved in understanding how bio-
mechanical properties of the eye are critical in glaucoma, the pathophysiological 
mechanisms leading to axonal degeneration in this blinding disease remain unclear. 
We believe that the interplay between scleral and laminar stiffness must be evalu-
ated to provide a complete picture of how glaucoma develops. Reliable, non- invasive 
ocular rigidity measurement methods will help us to better understand whether hav-
ing a low or high OR suggests a predisposition for POAG or whether it simply 
reflects a change caused by the condition. Perhaps measurement of OR would also 
help predict the progression of OAG in patients, hence giving clinicians the ability 
to identify which patients will require more aggressive treatment. The study of ocu-
lar rigidity could also lead to new avenues of therapy for glaucoma to ultimately 
prevent vision loss.
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Chapter 19
Ocular Rigidity and Age Related Macular 
Degeneration

Miltiadis K. Tsilimbaris

 Theoretical Correlation: The Vascular Theory of AMD

As early as 1937 Friedenwald [1] stressed the role of elevated scleral rigidity in the 
aging eye and in the same year Verhoeff [2] attributed the pathogenesis of AMD to 
impairment of choroidal blood flow. But it was Ephraim Friedman that first pro-
posed a possible direct correlation between scleral rigidity and age related macular 
degeneration as part of his hypothesis on a vascular pathogenesis of AMD [3]. 
According to this theory, the sclera, becoming increasingly “rigid” and noncompli-
ant, because of age or other causes, limits the filling of the vortex veins, and thereby 
increases the resistance to venous outflow. This relative obstruction ultimately leads 
to dilatation and decompensation of the choroidal venous system at the posterior 
pole, compromising Bruch’s membrane, the choriocapillaris, and the retinal pig-
ment epithelium of the macular area. Friedman’s vascular model underwent several 
revisions becoming gradually more elaborated and attempting to incorporate the 
role of atherosclerosis and blood pressure in the pathophysiology of AMD [4, 5]. 
However, in all versions the hemodynamic consequence of stiffening of the eye’s 
scleral cell remained central for the hypothesis. The lipoid infiltration of the sclera, 
Bruch membrane, and the walls of blood vessels is considered one of the main etio-
logic factors that result in decreased compliance of the sclera, Bruch membrane, and 
the choroidal vessels. Scleral rigidity, in turn, plays a central role interfering with 
choroidal venous drainage of retinal lipoproteins which are considered a major 
pathogenic factor for the retinal damage seen in AMD [6].
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 Existing Evidence: Scleral Rigidity Measurements in AMD

In their 1989 paper Friedman et al measured the coefficient of scleral rigidity (CSR) 
of the eyes of 29 patients with age-related macular degeneration [7]. CSR of the 
right and left eyes of the 29 ARMD patients was 0.023 (0.006) and 0.024 (0.004), 
respectively. The mean CSR (standard deviation) of the right and left eyes of the 25 
controls was 0.018 (0.005) and 0.020 (0.007), respectively. The differences in CSR 
between cases and controls were statistically significant for both the right eye 
(P = 0.0003) and the left eye (P = 0.009). The coefficient was found to be signifi-
cantly higher than that of 25 control patients, frequency matched for age. Age and 
axial length did not seem to affect this correlation. Authors concluded that their data 
suggested that an increased scleral rigidity may be a significant risk factor for the 
development of the disorder. The data produced by this work was the first direct 
indication that a correlation may exist between scleral rigidity and AMD.

The failure to distinguish between dry and wet AMD cases as well as the relative 
inaccurate rigidity measurement using Perkins and Schiotz tonometers can be con-
sidered as weaknesses of this work.

Our group repeated the measurement of ocular rigidity in patients with AMD 
using the direct manometric system described in Chap. 2. Thirty-two patients with 
AMD (16 with neovascular and 16 with non-neovascular AMD) and 44 age-matched 
control patients (control group) were measured prior to a scheduled cataract opera-
tion [8]. No statistically significant difference in ocular rigidity measurements 
between patients with AMD and control subjects was found (AMD group: 0.0142 
[0.0077] vs. control group: 0.0125 [0.0049]; P = 0.255), and this was in accordance 
with our previous study of scleral rigidity measurement in living eyes [9]. However, 
when we examined separately the two subgroups of patients with AMD (neovascu-
lar and nonneovascular AMD), the average ocular rigidity measurements were 
higher in patients with neovascular AMD vs. both control subjects and patients with 
non-neovascular AMD (neovascular AMD group: 0.0186 [0.0078] vs. control 
group: 0.0125 [0.0048] P = 0.014 vs. non-neovascular AMD group: 0.0104 [0.0053] 
P = 0.004) (Fig. 19.1). Thus, this was the second study to find a possible correlation 
between scleral rigidity and age related macular degeneration. The different mea-
surement method as well as possible difference in composition of the study groups 
may be the reason for the differences compared to Friedman’s et al. study.

 Interpretation and Future Directions

Although both studies have significant limitations (small sample sizes, limited phe-
notypic grouping of AMD) and they contain some contradictory findings, they pro-
vide a considerable indication of a possible correlation between ocular rigidity 
and AMD.

M. K. Tsilimbaris



293

According to Friedman this correlation is etiopathogenic. Ocular haemodynamic 
abnormalities observed in AMD are considered the result of an increasingly rigid 
sclera that acts to encapsulate the ocular vasculature in a more incompressible com-
partment, leading to a success of events that end up with the phenotype of 
AMD. However, based on the existing data, this is hard to prove. There is always the 
possibility that increased scleral rigidity is an epiphenomenon of AMD and not an 
etiologic factor [10]. Clarification of this correlation can have obvious advantages. 
Ocular rigidity can be modified with appropriate intervention. We have described 
such an intervention that is based on the intraocular implantation of a compressible 
miniature airbag [11]. The presence of the intraocular air reservoir can augment the 
capacity of intraocular volume increase with minimal pressure raise. This can mod-
ify the hemodynamic balance of the globe, and optimally reverse the effects of 
increased ocular stiffness.

Other investigators, while agreeing with Friedman’s starting point about AMD 
sharing both risk factors and pathogenetic mechanisms with atherosclerosis, have 
focused their research in the possible role of local hemodynamic alterations of the 
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Fig. 19.1 Mean ocular rigidity coefficient in patients with neovascular (n  =  16) and non- 
neovascular age-related macular degeneration (n = 16) and in control subjects (n = 44). (From 
Pallikaris et al. [8])
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choroidal circulation [12] and in the role of stiffening of retinal vasculature. Sato 
and co-workers, using a retinal laser Doppler system, measured retinal arterial hae-
modynamic parameters in 25 eyes of 25 patients with AMD and nine eyes of nine 
age-matched control subjects [13]. They found that blood flow in retinal arteries is 
more pulsatile in patients with AMD than in healthy controls. Based on these results, 
they suggest that an increasing vascular rigidity in the systemic arterial circulation 
can be directly associated with an increasing severity of AMD. Authors postulate 
that it is likely that patients with AMD have a stiffer, less compliant arterial vascu-
lature leading to the eye, although here again one could not exclude the possibility 
of an epiphenomenon.

The answer to the question of whether AMD-related haemodynamic abnormali-
ties are due to increased scleral rigidity, increased systemic vascular rigidity, or both 
awaits further investigation. In any case, when one tries to understand the finding of 
an increased ocular rigidity in AMD, it is important to keep in mind the possible 
interaction of scleral cell and choroidal vasculature stiffness during the measure-
ment of ocular rigidity. Both indirect and manometric systems measure the whole 
eye rigidity. And while the role of the scleral cell is obvious, the compressibility of 
the choroid through backwards venous flow, is possible to contribute in the overall 
behaviour of the eye when intraocular volume is increased during scleral rigidity 
measurement. Thus, choroidal vasculature stiffness may contribute to the increased 
ocular stiffness measured in AMD. The hemodynamic alterations at the level of the 
choroidal circulation in AMD represent a significant area that until today remains 
obscure. Recent advances in choroidal imaging and flowmetry, including swept 
source OCT imaging and choroidal vessel flowgraphy may help to shed more light 
in the contribution of choroid in AMD pathophysiology [14]. This, in combination 
with the development of accurate, non-invasive technology for the measurement of 
ocular rigidity [15] may permit the design of clinical studies of adequate power to 
clarify the possible role of sclera and choroidal vasculature in AMD and their inter-
play in ocular rigidity measurement.

In conclusion, the available data indicate the existence of possible correlation 
between ocular rigidity and age related macular degeneration, but the pathogenic 
nature of this correlation is uncertain. Advancements in imaging, ocular hemody-
namic evaluation and non-invasive rigidity recording, may facilitate the clarification 
of the etiologic correlation between ocular rigidity and AMD, opening the way for 
new therapeutic interventions.
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Chapter 20
Ocular Rigidity and Diabetes

Athanassios Giarmoukakis and Theonitsa Panagiotoglou

 Introduction

Diabetes mellitus is a group of metabolic diseases characterized by significant het-
erogeneity [1]. According to the International Diabetes Federation (IDF), the global 
prevalence of diabetes in adults was 8.3% (382 million people) in 2013, being 
expected to rise up to 10.1% (beyond 592 million people) by 2035 [2]. In addition, 
the development of diabetic complications represent a major cause of morbidity and 
mortality, as well as a substantial worldwide public health burden [2]. Diabetic reti-
nopathy (DR) is one of the most common diabetic complications that can lead to 
severe vision-loss if left undiagnosed and untreated [3]. In fact, DR is the leading 
cause of visual impairment in adults [4].

The main feature of diabetes is the dysfunction in the metabolism of carbohy-
drates, fats and proteins, due to compromised secretion and action of insulin [1, 2]. 
This dysfunction results in high levels of blood glucose (hyperglycemia), which in 
turn trigger certain biochemical pathways that are considered key factors for the 
pathogenesis of the disease and its complications [5]. Moreover, these metabolic 
and biochemical changes in diabetes are known to exert a significant impact on 
physical properties of different human tissues [6–8], including ocular tissues [6, 7], 
that could potentially suggest a possible relationship between the disease and ocular 
biomechanics, as well.
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 The Effect of Diabetes on Tissue Biochemical 
and Biomechanical Properties

A number of interconnecting and up-regulated biochemical pathways have been 
proposed as potential links between hyperglycemia and diabetic retinopathy. These 
include increased polyol pathway flux, activation of protein kinase C (PKC) path-
way, increased expression of growth factors such as vascular endothelial growth 
factor (VEGF) and insulin-like growth factor-1 (IGF-1) and increased oxidative 
stress [5]. This up-regulation is the hallmark of the pathogenesis of the disease’s 
complications [5]. Moreover, the increased protein glycation and the formulation of 
its products, such as the advanced glycation end products (AGEs), constitute funda-
mental factors for the manifestation of vascular diabetic complications, including 
diabetic retinopathy [5, 7–9]. In addition, AGEs promote an increase in thickness 
and stiffness of basement membranes (BMs), which has been specifically noticed in 
BMs of the retinal vasculature [7, 10], affecting their morphological and biome-
chanical properties [7]. BM thickening may also result in a loss of vascular elastic-
ity, therefore changing vascular biomechanical properties, that is considered a 
contributing factor to elevated blood pressure, as well [11, 12]. BMs are extracel-
lular matrix components that are important for the structural integrity of different 
tissues [13]. Major BM proteins include among others different types of collagen 
(type IV and XVIII), laminin and a series of proteoglycans [13]. It is considered that 
AGEs can lead to changes in the physical properties of tissues either by excessive 
intermolecular cross-linking, altering the biochemical profile of BMs and collagen 
molecule, thus modifying the intermolecular and cell-collagen interactions or by 
connecting to cellular receptors modifying their role [7–9]. Therefore, based on the 
high distribution of collagen and proteoglycans in the human cornea and sclera [14, 
15] and the increased levels of AGEs found in different ocular tissues of diabetic 
patients [16–18], it has been hypothesized that diabetes may promote changes in the 
biomechanical properties of the eye and hence in OR, as well [19].

 Ocular Rigidity as Measured in Diabetes

Despite the well-documented and thoroughly studied ocular complications of dia-
betes mellitus [20], as well as the well-established knowledge concerning the pos-
sible pathophysiologic mechanisms that may suggest alterations of ocular tissue 
physical properties in diabetes, as discussed in the previous section, little is known 
up to date with regard to the actual effect of the disease on OR.

As already mentioned within the context of the present book, OR measurements 
in human eyes have been obtained mainly by either paired Schiotz tonometry, based 
on the Friedenwald’s equation [21], or by invasive manometry-based devises [19, 
22], which are considered to provide direct and more precise measurements [22]. 
Implementing the Friedenwald’s equation, Arora and Prasad were the first to report 
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on OR measurements in patients with different stages of DR [23]. They concluded 
that no differences in scleral rigidity between individuals with and without DR 
could be documented [23]. In another study, Pallikaris et al. reported on OR mea-
surements on a large sample of living human eyes that were obtained by a direct 
manometric measurement device at different intraocular pressures (IOPs) [22]. In 
addition, they attempted to explore any possible relationship between OR and dif-
ferent demographic, ocular and systemic factors, including diabetes mellitus [22]. 
According to their results, no significant correlation was detected between the OR 
coefficient and the presence of diabetes mellitus [22]. Nevertheless, it should be 
noted that this study did not check the actual presence of diabetic retinopathy among 
study participants but it was based only on personal history data with regard to dia-
betes mellitus and other systemic disease. Towards this direction, in a more recent 
study of the same research team, Panagiotoglou et al. assessed OR in patients with 
diagnosed non-proliferative DR (NPDR) [19], using a similar measurement setting 
with Pallikaris et  al. [22]. Study participants were further divided into two sub- 
groups according to NPDR severity (mild NPDR group, moderate and severe NPDR 
group), while OR measurements were compared to those of an age-matched control 
group with no signs of diabetic retinopathy or history of diabetes. Despite the fact 
that no significant differences were recorded in OR coefficient between the control 
and NPDR groups, as well as between the two NPDR sub-groups, authors described 
a tendency towards higher OR values with increasing disease severity [19].

 Conclusions and Future Perspectives

It has been suggested that changes in OR may have significant clinical implications 
by affecting other ocular parameters such as IOP and ocular blood flow [22], while 
possibly playing an important role in the pathogenesis and clinical course of differ-
ent ocular conditions, including glaucoma and age-related macular degeneration 
(AMD) [24, 25]. Nevertheless, the invasive nature of its most precise measurement 
technique (i.e. manometry-based systems) remains the most significant factor that 
limits its wide implementation.

Regarding OR in diabetes, there has been supporting evidence that diabetes 
induces physical changes in different ocular tissues that may constitute contributing 
factors for possible alterations of ocular biomechanics [6, 7, 16–18]. On the other 
hand, up to date, there are only a few studies that have attempted an assessment of 
their relationship in clinical settings, with their results failing to support any changes 
of OR in diabetic patients [19, 22, 23]. Nevertheless, significant limitations of these 
studies, such as the relative small number of patients and the lack of uniformity in 
the applied measurement technique [19, 23], suggest the need for further investiga-
tion. Therefore, future studies with larger cohorts are considered necessary, in order 
to elucidate the relationship between OR and diabetic retinopathy, as well as to 
further evaluate any possible impact of the disease severity and stage on OR and 
ocular biomechanics.
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Chapter 21
Ocular Rigidity and High Myopia

Georgios Bontzos

 Myopia Epidemiology and Structural Changes

Myopia is creating an advancing global epidemic; its current prevalence is esti-
mated to be around 27%, affecting 1.45 billion people [1]. The incidence of myopia 
has increased dramatically over the last decades, reaching 70–80% in many Eastern 
Asia countries [2] and 30–40% in Western countries [3]. It is predicted that almost 
50% of the world population will be myopic by 2050 [4]. A younger onset of myo-
pia is particularly worrying since younger eyes experience faster progression 
of myopia.

The myopic eye is elongated and its altered architecture is accompanied with 
structural changes of the choroid and the sclera [5]. Several ocular complications, 
like earlier cataract development [6], glaucoma and retinal degenerations are associ-
ated with high myopia. Common retinal disorders in high myopia include myopic 
choroidal neovascularization, chorioretinal atrophy, myopic traction maculopathy, 
posterior staphyloma and retinal detachment [7]. Although the ocular mechanisms 
leading to myopia are not completely understood, it is likely to be driven from a 
complex interaction of environmental factors and the effects of multiple genes dur-
ing the emmetropization process. Current approaches suggest that the sclera plays a 
key role with changes in biomechanical properties and biomechanical environment 
occurring the process of eye elongation controlled by both cellular and extracellular 
matrix factors [8].
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 Ocular Rigidity and Globe Expansion

Since its implementation ocular rigidity has been associated with eye dimensions. 
It is generally considered as a surrogate parameter related to the biomechanical 
properties of the whole globe. The ocular volume is tended with a confined structure 
of the outer coats of cornea and sclera which protect the eye from external trauma. 
These structures are of fundamental importance in understanding the mechanical 
and material properties of the eye [9]. It is notable that, sclera is more prone to dis-
tortion than the cornea from intraocular and extraocular muscle forces. Greene [10] 
showed that an incremental increase in intraocular pressure does not change the 
corneal curvature, while scleral curvature increases linearly with pressure. Thus, it 
is commonly accepted that ocular rigidity is related to the elasticity of the sclera.

The sclera is a dynamic tissue which provides a strong framework that support 
the visual apparatus of the inner eye. With its significant malleability, it can adapt to 
extraocular forces by altering its properties, as data suggest from ex-vivo analyses 
[8]. In-vivo human studies also support this theory, although data is more limited 
[11, 12]. Moreover, in high myopia, the sclera is significantly thinner than the 
emmetropic eye and gradually expands under the force of intraocular pressure. 
Studies from cadaver human eyes showed that collagen fiber bundles are thinned 
and their size is decreased in myopia [13, 14] (Fig. 21.1). Gottlieb [15] investigated 

a b

c

Fig. 21.1 Collagen fibrils of the sclera in emmetropic and myopic human eyes. The highly myopic 
human sclera shows greater variability in collagen fibril diameters and contains an increased num-
ber of smaller diameter collagen fibrils (a, b). Additionally, an increase in unusual star-shaped 
fibrils is observed on cross section (c). (Adapted from: Curtin et al. [14])

G. Bontzos



303

the biomechanics of the weakened sclera during myopia development and high-
lighted the role of cellular and matrix factors as well as the reduced myofibroblasts 
in the process of eye elongation. The mechanical stress forces on the sclera during 
near work have been hypothesized to contribute in myopia development [10]. 
Greene [10], calculated the distribution of forces on the sclera during accommoda-
tion and proposed that the effect of extraocular muscles during convergence has a 
significant effect on the progression of myopia. Nevertheless, more studies are 
needed on the elasticity and rigidity of the eye to evaluate how mechanical factors 
affect the eye, and help in understanding how the eye responds to such environmen-
tal stimuli and how it expands in myopia.

 Ocular Rigidity as Measured in Myopia

The degree of expansion of the outer coat of the eye with increase in volume, is 
affected by the elastic properties of the cornea and sclera. When in 1937, Friedenwald 
[16], introduced the theory of ocular rigidity, he described a measure of resistance 
that the eye exerts to distending forces. He proposed a coefficient of ocular rigidity 
(K), based on a logarithmic pressure-volume relationship, as derived from experi-
mental data on enucleated eyes. This parameter describes the elasticity of the ocular 
shell, especially the sclera, cornea and the compressibility of the choroid, assuming 
that the other ocular compartments are practically incompressible. In his mathe-
matic formula, Friedenwald’s coefficient K had an average value of 0.025. 
Coefficient K is inversely proportional to ocular volume, resulting in a high correla-
tion between ocular rigidity and axial length. It has been postulated that this due to 
the larger volume of such eyes both by Phillips [17] and Perkins [18]. The latter 
calculated a coefficient of rigidity that included the volume of each myopic eye and 
suggested that myopic eyes do not exhibit apparent changes in scleral distensibil-
ity [18].

In his original study, Friedenwald [16], demonstrated that scleral rigidity is lower 
in myopic eyes of one to five diopters than emmetropic controls. Interestingly how-
ever, he found that in myopic eyes of more than five diopters rigidity gradually 
reached normal levels. In extreme myopia, ocular rigidity actually displayed higher 
values then normative data. His results were also confirmed by later studies. 
Honmura has shown a significant negative correlation between rigidity and axial 
length [19]. Ocular volume was an important parameter, in the pressure-volume 
relationship, in the rigidity equation as described in a later study by Silver and 
Geyer [20]. Moreover, Castrén and Pohjola [21] suggested that scleral rigidity was 
lower in myopes than non-myopes, and since scleral rigidity was lower at adoles-
cence than adulthood, lower scleral rigidity could be a contributing factor of myopia 
progression at this age group [22]. In her recent studies, Dastiridou [23] also 
reported a significant negative correlation between ocular rigidity coefficient and 
axial length in an in-vivo manometric study of human eyes (Fig. 21.2). In contrast, 
ocular rigidity is believed to be increased in hyperopic eyes [24]. Despite the 
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growing data that support the hypothesis of lower ocular rigidity in myopic eyes, 
there are studies which do not verify this statement. For instance, Wong and Yap 
[25] found poor correlation between refractive error and ocular rigidity, in Chinese 
population, a group predisposed to myopia. In addition, Schmid [26] did not found 
significant difference in ocular rigidity between a myopic group of children 
(−3.43D) and an emmetropic one.

 Measurement Techniques and Limitations

When calculating the ocular rigidity in many mathematical formulations, the ocular 
volume is a key parameter. The relationship between ocular volume and rigidity can 
be observed in clinical practice by the fact that pressure spikes after an intravitreal 
injection differ among axial lengths [27]. The ocular volume itself, depends on the 
shape of the eye. When in 1966, Friedman [28] worked on a spherical model of the 
eye, by applying Laplace’s Law, he pointed out that the stress experienced by the 
walls of the eye is directly related to intraocular pressure and volume and inversely 
related to the thickness of the walls. However, the shape of the eye is not a perfect 
sphere; in fact, in high myopic and hyperopic eyes the lateral and vertical diameters 
can display significant discrepancies. Generally, it has been measured that, myopic 
eyes are elongated relative to emmetropic eyes, more in length than in height [29, 
30] (Fig. 21.3). This fact can partially explain why results are not consistent, among 
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Fig. 21.2 Scatterplot of the relationship between ocular rigidity coefficient and axial length as 
measured by Dastiridou et al. [23]
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different studies, in the relation between axial length and ocular rigidity. Moreover, 
in cases of posterior staphylomas the eyeball shape can be further distorted as pre-
sented by Ohno-Matsui [31]. The regional inconsistency of curvature and the defor-
mation of the sclera result in variability of the applied forces by intra- or extraocular 
stresses on the outer coats of the eye. The effect of a distorted eye on the rigidity 
measurements is also supported by the study of Friberg and Fourman [32] who 
studied eyes previously undergone scleral buckling. They found significantly 
reduced ocular rigidity which was attributed to the changes in eye shape and stress 
distribution. It should be noted here that, the buckling material is also important 
when evaluating ocular rigidity. In a later study [33], it was found the silicone buck-
ling resulted in significantly lower ocular rigidity than metal, as observed in post-
mortem enucleated eyes.

a b

c d

Fig. 21.3 Sagittal and axial MRI figures of emmetropic and myopic human eyes. Top panels (a, 
b) show an elongated myopic eye with increased measured dimensions. Lower panels (c, d) show 
an emmetropic eye. We can observe how the myopic eye is longer towards the anteroposterior axis 
(26.1 mm) compared to its width (24.1 mm) and height (25.2 mm). emmetropic eye (Reprint from 
Atchison et al. [29])

21 Ocular Rigidity and High Myopia



306

Up to this day, Friedenwald’s equation [16] is considered the gold-standard for 
calculating ocular rigidity. However, his methodology has received criticism for two 
main reasons [34]. Firstly, the data that were used for calculations were taken from 
enucleated eyes, neglecting the effect of extraocular muscles and the environment 
of the orbital cavity. Secondly, one should take under consideration the post-mortem 
changes such as the edema and the consequent thickening tissues. The intact living 
eye is also affected by the active blood flow and the vascular rigidity [35–37]. 
Considering these drawbacks, several measurement techniques have been described 
to estimate the ocular rigidity. The first method to evaluate in-vivo the pressure- 
volume relationship were performed in human eyes schedules for enucleation [34]. 
A manometric system was used and the eye was injected with known volume of 
saline after intraocular cannulation [34, 38, 39]. Later, Pallikaris [12] presented a 
methodology of direct manometric measurements performed before cataract sur-
gery in human eyes under retrobulbar anesthesia. However, the invasive nature of 
this technique restricts its clinical utility. Attempts have been made to estimate ocu-
lar rigidity with non-invasive techniques. Ebneter [40] proposed a method based on 
measurement of axial length changes after oral administration of acetazolamide. 
The measured axial length decrease per mmHg of intraocular reduction can be used 
to estimate ocular rigidity. Recently, Detorakis [41] proposed an non-invasive tech-
nique based on the comparative measurements of Goldmann applanation tonometry 
which deforms the corneal apex and displaces aqueous humor and Dynamic Contour 
Tonometry which respects the globe geometry. The differences between pressure 
and volume can then be applied in Friedenwald’s mathematic formula [16]. It is 
doubtful though, if simple non-invasive techniques can be used in large myopic 
eyes, since the constant K has to be reconsidered in these cases. The only study until 
today, to measure the ocular rigidity in a large number of living human eyes has 
been reported by Dastiridou [23] who suggested that axial length could comprise an 
independent factor of differences in ocular rigidity measurements.

When measuring myopic patients concomitant factors that may influence the 
integrity of rigidity measurements have to be considered. Increased axial length 
might be associated with keratoconus, glaucoma and retinal degenerations. For 
example, the reduction of ocular rigidity in keratoconus, is attributed to the reduced 
corneal rigidity rather than higher axial length [42]. Ocular rigidity in myopic 
patients should also be classified in different age groups. Aging, is related to struc-
tural alteration of the ocular walls and increase rigidity [43–45]. The increased 
scleral resistance allows less blood flow through the choroidal vessels [46].

 Clinical Role and Future Perspective

Ocular rigidity is a macroscopic parameter that depends on the architecture and 
material properties of the globe. Its role in the pathogenesis of various ophthalmic 
conditions has been recognised. Unfortunately, the clinical use of ocular rigidity is 
limited due to its invasive technique. So far, a negative association has been reported 
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between axial length and rigidity (Fig. 21.2). It has been hypothesized that, in myo-
pia, the degeneration of the outer coats of the eye and especially the sclera is the key 
factor behind these reduced values. It remains to be elucidated whether extreme 
myopia is correlated with ocular rigidity and which measurement technique yields 
the most accurate and reliable results. Therefore ocular rigidity calculations need to 
be verified within a wide range of axial lengths using different methodologies. 
Ocular rigidity measurements can also expand our understanding towards the patho-
genesis of myopia. For future studies, ocular rigidity should also be measured in 
young patients who can be re-examined in a later stage of their life, to evaluate 
whether differences in ocular rigidity are correlated with possible changes in 
axial length.
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Chapter 22
Ocular Rigidity and Uveitis

Anna I. Dastiridou, Nikolaos Ziakas, and Sofia Androudi

 Introduction

The term uveitis refers to inflammation of the uveal tissues in the eye. The uvea 
includes the iris, the ciliary body and the choroid. Infectious causes and autoim-
mune diseases can cause certain types of uveitis, while idiopathic forms are not 
uncommon. Specific findings can in some cases guide the diagnosis and treatment, 
together with ancillary testing.

It is understood that the biomechanical properties of ocular tissues and also, 
intraocular pressure, with the mechanical load that it exerts, can change consider-
ably during the course of a uveitic attack. In fact, uveitis can cause a wide range of 
clinical manifestations from the anterior and/or posterior segment. Remodeling of 
extracellular matrix and changes in collagen content in ocular tissues may lead to 
changes in the elastic and viscous properties of the ocular tissues, especially those 
of the choroid, cornea and sclera.
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 Evidence from Studies on Ocular Rigidity

The first report of ocular rigidity (OR) measurements in uveitis comes from 
Friedenwald, who tested 18 eyes with this diagnosis [1]. In those eyes, the OR was 
elevated and this finding was consistent, irrespective of the status of the intraocular 
pressure or the presence of secondary glaucoma. The mean ocular rigidity in this 
group measured 0.034. In eyes with uveitis, the presence of ocular inflammation, 
the release of prostaglandins and the vascular congestion might have led one to 
expect a lower OR. In the course of a uveitic attack, there are also changes in the 
outflow routes, with studies pointing to an increase in the uveoscleral pathway, and 
often a decrease in the conventional route of outflow. Inflammation may in fact alter 
the scleral elasticity and also choroidal blood flow. Furthermore, the intraocular 
pressure in uveitis can be normal, decreased, for instance due to ciliary body shut 
down, or even elevated, due to secondary ocular hypertension or glaucoma. This 
could also affect the measured OR. Our current knowledge on the inflammatory 
cascade that takes place in a uveitic attack suggests that cytokines play an important 
role [2].

The results of his study, led Friedenwald hypothesize that certain inflammation 
mediators or byproducts may have a stiffening effect on the sclera [1]. Due to inher-
ent difficulties of measuring tissue elasticity in the eye, it is unknown if this hypoth-
esis holds true. Furthermore, most studies in the biomechanics of the uveitic eye as 
presented in the following section are probably pointing to the opposite direction.

 Cornea Biomechanics in Uveitis

Interestingly, recent studies have looked at the effects of uveitis on the corneal hys-
teresis (CH) and cornea resistance factor (CRF) that are measured with the Ocular 
Response Analyser (ORA, Reichert Ophthalmic Instruments, Buffalo, NY, USA) 
[3]. The ORA has the ability to provide quantitative parameters that characterize the 
viscous (CH) and elastic (CRF) properties of the cornea, based on the cornea 
response to a jet of air [4]. In addition, the Corvis ST can measure several biome-
chanical properties of the eye and provide estimates of the stiffness of the cornea 
and extracorneal tissues [5].

In a study analyzing measurements with the ORA from 85 eyes with inactive 
recurrent anterior uveitis of diverse etiology, the authors reported lower CH and 
lower CRF in patients, compared to controls, whereas no difference was found in 
CCT between the groups [6]. Patients enrolled in that study had been diagnosed 
with idiopathic anterior uveitis, multiple sclerosis-related uveitis, sarcoidosis- 
associated uveitis, Behcet uveitis and HLA B27-associated anterior uveitis. This 
study also searched for associations with disease duration or frequency of the 
attacks and found no correlation.
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Studies have since provided specific evidence on ORA changes in different dis-
ease groups. In a study comparing IOP and cornea biomechanics with ORA in 
patients with systemic lupus erythematosus and controls, the authors found that CH 
and CRF were both lower in patients compared to controls, whereas there was no 
difference in central corneal thickness [7]. In fact, Goldmann-related IOP also mea-
sured lower, while corneal-compensated IOP was the same between patients and 
controls, suggesting that altered cornea properties in patients with SLE may lead to 
a falsely low IOP reading in these patients.

Cornea biomechanical properties were also studied in patients suffering from 
rheumatoid arthritis. Cornea hysteresis has been reported to be lower in both studies 
available in the literature, using ORA [8, 9]. In the study by Tas et al., the authors 
also found decreased cornea resistance factor in rheumatoid arthritis patients [9].

It has also been reported that Fuchs’ uveitis patients demonstrate decreased CRF 
and CH [10]. In that study, patients with unilateral Fuchs uveitis were tested and 
compared to age matched controls. CH and CFR were significantly lower in the 
uveitic eyes, compared to contralateral eyes and eyes from healthy controls [11].

Contrary to findings in rheumatoid arthritis and lupus, ORA measurements in 
scleroderma patients showed that CRF and IOPg (Goldmann-correlated intraocular 
pressure) were higher, compared to controls, while no difference was found in CH 
or corneal thickness [12]. Systemic sclerosis is a disease of autoimmune origin, 
characterized by deposition of excessive amounts of collagen and fibrosis in various 
organs. ORA measurements helped to demonstrate that there are changes in the 
biomechanical properties of the cornea that are associated with this condition. 
Therefore, IOP may be overestimated in these patients on routine testing.

Finally, the properties of the cornea were also assessed in a series of pediatric 
noninfectious uveitis patients [13]. Again, in those patients, with a mean age of 
10 years old, CRF measured lower compared to the control group, while corneal 
hysteresis and central cornea thickness did not differ between the groups.

Finally, there is also evidence in the literature that uveitis patients have altered 
biomechanical properties as measured using the Corvis ST (Oculus). The authors in 
this cross-sectional study enrolled 76 patients with systemic autoimmune disease, 
including mostly patients with rheumatoid arthritis and HLA-B27 related uveitis, 
but also other diagnosis, such as Adamantiadis-Behcet’s uveitis, systemic lupus ery-
thematosus, sarcoidosis, seronegative arthritis and granulomatosis with polyangi-
itis, and compared them to controls [14]. Parameters, namely corneal stiffness, 
extracorneal tissue stiffness and extracorneal tissue viscosity were estimated based 
on a biomechanical model) [15]. They found that corneal stiffness and extracorneal 
tissue viscosity were lower in the uveitic group. Although this cross-sectional 
includes eyes with very diverse history and manifestations of disease, it provides 
initial evidence that the biomechanics of the uveitic eye are altered. Further follow 
up studies may clarify the series of events in the pathophysiology of each disease 
phenotype.
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Chapter 23
Biomechanics of Scleral Buckling 
and Effects on Eye Geometry

Benjamin W. Botsford, Asad F. Durrani, Raed Aldhafeeri, Patrick Smolinski, 
and Thomas R. Friberg

 Introduction

Scleral buckling has been in use since 1949 for treatment of retinal detachments. 
Indentation of the sclera facilitates apposition of the retinal pigment epithelium to 
the neurosensory retina by decreasing vitreous tractional forces. Buckling may vary 
widely, and surgeons choose among different types and shapes of buckle elements, 
different degrees of indentation (buckle height), buckle locations, and extent of the 
circumference of the globe being buckled. Buckles can be implants or exoplants, the 
latter of which is typically performed due to the difficulty in creating partial thick-
ness scleral flaps required for scleral implants. The mechanical nature of the 
buckling process places stresses on the ocular structures, affecting the biomechanics 
and overall geometry of the eye. This chapter seeks to delineate the geometric and 
biomechanical effects of scleral buckling on the human eye.
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 Axial Length Changes with Scleral Buckling

As scleral buckling induces conformational changes in the eye, the refractive prop-
erties of the eye often change after surgery. Most eyes will have a myopic shift post 
scleral-buckling due to an increase in axial length (elongation effect). However, this 
change in axial length is dependent upon several factors, including the type of 
buckle used, the shape of the element, the height of the buckle, buckle material, the 
location of the buckle, and the placement of the sutures holding the buckle in place.

With solid silicone encircling buckles, axial length is generally increased, as 
circumferential shortening of the eye by the buckle increases the anteroposterior 
dimension of the globe. As the eye adopts a more prolate shape, the axial length 
increases, inducing myopia. Several studies have shown variable changes in axial 
length after buckling due to heterogeneity of technique and buckle type, with 
authors reporting axial lengthening of 0.47, 0.99, 0.58, 1.28, and 0.81 mm [1–5]. 
One study showed similar changes in axial length across different age groups, sug-
gesting that age-related changes in eye tissue has little impact upon the final axial 
length [6]. Authors differed in their use of segmental elements, buckle width, and 
shape. Additionally, factors like buckle height and position behind the limbus are 
often not described.

An encircling buckle of significant height (indentation), however, may cause the 
axial length of the eye to actually decrease [1]. Rubin showed that for a 2 mm wide 
encircling band element, a high buckle induced a reduction in axial length of 
0.35 mm, while low and moderate degrees of indentation increased the axial length 
by 0.44 and 1.09 mm [7]. The decrease in axial length with buckling is attributed to 
the eye adopting a dumbbell shape with high buckles, as well as invagination of the 

a b

Fig. 23.1 Finite element model of the eye before and after axial lengthening induced by scleral 
buckling. (a) Whole eye finite element model (b) Whole eye finite element model after equatorial 
encircling buckle
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sclera anterior and posterior to the buckle along the mattress sutures, especially with 
round or oval and thicker buckle elements [8]. Scleral invagination and anteroposte-
rior lengthening through circumferential indentation are balanced against each 
other, and remain in flux after surgery, as tension of the sutures and tightness of the 
buckle element may vary. An example of encircling buckle can be seen in Fig. 23.1, 
in a finite element model created by Aldhafeeri [9].

The change in axial length after buckling is an important consideration for 
patients subsequently undergoing cataract removal and intraocular lens (IOL) place-
ment after retinal detachment surgery. Fluctuations in biometrics affect IOL calcu-
lations, and therefore stability in eye geometry should be established before an IOL 
is chosen. One study looked at a large series of patients who underwent scleral 
buckling and noted that axial length stabilized at 3 months [3]. Other authors showed 
an increase of 0.77 mm in axial length at 1 month, which decreased to 0.57 mm at 
1 year after treatment [10]. Part of this change over time has been attributed to the 
repetitive stretching of the encircling buckle element, causing stress relaxation over 
time [11]. This is unlikely as the buckle material is not the primary determinant of 
ocular rigidity and in our opinion such a change is more likely due to the creep of 
the sclera over time [12].

For segmental buckles, hyperopic as well as myopic shifts have been described. 
Variable outcomes have been reported, which depend upon the location of the seg-
mental buckle on the globe, the concurrent use of an encircling element, the circum-
ferential extent of the segmental buckle, buckle height, buckle material, and the 
shape of the buckle. Some clinical studies have reported that the axial length 
increased by the amount of 0.98, 0.6, 0.77 and 0.48 mm and the extent of the buckle 
had no effect [1, 10, 13, 14]. Other studies have demonstrated hyperopic shifts with 
segmental buckling [5, 15]. No significant change has also been reported in one 
study that used implants placed on the sclera under partial thickness scleral 
flaps [16].

a b

Fig. 23.2 Finite element models of the eye with (a) 90° buckle extant and (b) 270° buckle extant
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To better understand the effect of buckling on the globe, Aldhafeeri created a 
detailed finite element analysis model of the eye. He simulated the effect of scleral 
buckling on eye geometry and biomechanics. In this model, the axial length was 
increased in both encircling and segmental buckles, an effect driven predominantly 
by indentation, with width, extent, and thickness of the buckle elements having 
smaller roles. Segmental buckle models are seen in Fig. 23.2.

 Effects of Scleral Buckling on the Biomechanics of the Cornea

Scleral buckling can affect the cornea in numerous ways, including corneal steep-
ness, astigmatism, corneal hysteresis (CH) and corneal resistance factor (CRF). As 
the sclera is not particularly elastic, buckle forces can be transmitted to the visco-
elastic cornea, affecting these properties depending on the nature of the buckle. It is 
important to consider that corneal changes may also be caused by suturing tech-
niques, buckle height selection, and other manipulations during surgery.

 Corneal Power

The cornea provides two-thirds of the eye’s refractive power and buckle forces can 
alter corneal power. Change in corneal power following buckle surgery is highly 
variable, and measurements differ between studies largely due to variation in buck-
ling technique. Encircling buckle-induced changes in corneal power have been 
shown to be +0.01, −1.7, +1.8, 1.58 and 0 diopters (D) [15, 17–20]. This change 
with encircling buckles may be due to central corneal steepening with peripheral 
corneal flattening post-operatively [15]. For segmental buckles, change in cornea 
power for segmental buckles has been shown to be −2.2, −0.23, −0.22, 0.5, −1.1, 
0.2, and −0.07 D [10, 14, 15, 17, 19–21]. Some authors have noted these changes to 
be transient, with one study noting a significant central corneal steepening after 
surgery of 1.8 D that returned to preoperative values after 6 months [18]. Another 
study reported central corneal steepening lasting for as long as 3 months [20].

 Astigmatism

Regarding astigmatic optical errors induced after scleral buckling, regular and irreg-
ular astigmatism are more likely to arise from segmental or radial buckles. One 
study noted that 46% of radial buckles had >2 D of astigmatism vs. only 8% in 
encircled eyes [22]. Additionally, in segmental or radial buckles, increased buckle 
height and a more anterior location will result in more astigmatism. Another study 
demonstrated astigmatism of 0.31 D for segmental and 2.75 D for encircled eyes 
[2], while others showed mean central corneal astigmatism at 1 week, 1 month, and 
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3 months was 4.3 ± 2.0 D, 3.3 ± 1.6 D, and 3.1 ± 1.0 D, respectively for encircled 
eyes [21]. Ornek noted a significant increase in total (1.6 D) and irregular astigma-
tism (0.28 D) in the first month that was transient in eyes with encircling buckles, 
returning to normal after around 6 months [18]. Topographic changes in the cornea 
noted in the first week after surgery have also been reported to return to preoperative 
values at 1 month [23].

Kinoshita et al. performed a vector analysis of corneal astigmatism and noted 
that segmental buckles spanning 1–2 quadrants produced 1.65 D of astigmatism 
while those spanning only one or >2 quadrants displayed 1.09 D, suggesting that 
buckle extent is an important determinant for the amount of astigmatism induced 
[17]. Okada demonstrated that the direction of the astigmatism vector is in the direc-
tion of the center of the buckle and displayed greater astigmatism with more ante-
rior buckles [1]. Okamoto noted that scleral buckling surgery significantly increased 
higher order aberrations at 2 weeks, 1 month, and 3 months postoperatively, with 
greater and more prolonged changes seen with segmental over encircling buckling 
[24]. They also noted coma was negative in cases of upper segment buckling.

 Effects of Buckling in Thinned Corneas

Little data exists for the effects of scleral buckling in eyes with corneal thinning. 
One series describes two patients that had previous encircling buckles who under-
went LASIK and developed significant corneal ectasia with corneal steepening 
(16 D and 8 D), though the stromal thicknesses under the flap were <250 microns 
[25]. The first case showed flattening of 3D after buckle removal [25]. A response to 
this article reported good success of LASIK post buckling in one patient [26].

In Aldhafeeri’s model, increased indentation and corneal thinning had large 
effects on increasing cornea power post-buckling. For example, a 5 mm buckle with 
a 180° extent at a 1 mm indentation, the change in cornea power was 0.12, 0.16 and 
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1.21 D for 0, 25 and 50% cornea thinning, respectively [9]. In an eye with 50% 
corneal thinning, a 5 mm buckle with 90°, 180° and 270° buckle extent at a 1 mm 
indentation the change in cornea power was 1.45, 1.21 and 0.85 D, respectively [9]. 
For 0% thinned cornea, the results from Aldhafeeri’s model are close to the reported 
power change by previous clinical studies. Results for equatorial encircling bands 
for different buckle widths and heights at 0, 25, and 50% corneal thinning are shown 
in Fig. 23.3 [9].

Astigmatism was induced by indentation and thinning where higher steepening 
occurred at the meridian parallel to center of the buckle for all models. A 5 mm 
buckle with a 180° extent at 1 mm indentation had astigmatism error of about 0.09, 
0.22 and 1.35 D for 0, 25 and 50% cornea thinning, respectively. Tilting of the cor-
nea was noticed away from buckling location. For corneas with normal thickness, 
corneal tilt decreased with increasing buckle extent in the model with 1.69, 1.15 and 
0.24 degrees of tilt for 90°, 180° and 270° buckle extent, respectively.

 Corneal Hysteresis and Corneal Resistance Factor

The inherent viscoelastic nature of the cornea allows it to absorb and dissipate 
energy when stress is applied such as with applanation. Measurement of this vis-
cous damping property is defined as corneal hysteresis (CH). Only a few studies 
have looked at the effect of scleral buckling on CH. In a study of 56 eyes, 27 of 
which underwent encircling buckle and 29 of which underwent segmental buckling, 
a statistically significant decrease in CH was found in the segmental buckle group 
whereas no difference was found in the encircling buckle group [27]. The direct 
consequences of decreased corneal hysteresis have yet to be established, however, 
decreased hysteresis has been noted in many disorders of the eye such as Fuchs’ 
dystrophy, keratoconus, and glaucoma [28].

Whereas corneal hysteresis is a measure of the viscous damping of the cornea, 
corneal resistance factor (CRF) is a biomechanical measure of the cornea that is 
dominated by its elastic properties. In a study of 56 eyes, 27 of which underwent 
encircling buckle and 29 of which underwent segmental buckling, CRF, like CH, 
was significantly decreased in the segmental buckle group and again no significant 
difference was found in the encircling buckle group [27]. Again, the direct conse-
quences of decreased corneal resistance factor have yet to be established but these 
results suggest that segmental scleral buckling negatively impacts the viscous and 
elastic properties of the cornea.
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 Effects of Scleral Buckling on Anterior Chamber Depth

Scleral buckling may also affect the geometry of the anterior chamber and drainage 
angle. Information on how buckling affects such structures is important for both 
refractive specialists as well as the general ophthalmologist, as glaucoma develops 
in 1–5% of patients post buckling surgery [29]. Scleral buckling has been demon-
strated to decrease anterior chamber depth. The reduction in anterior chamber depth 
is thought to be due to ciliary body edema from reduced uveal or choroidal circula-
tion, which occurs in the early post-operative period and may peak around post- 
operative day 3 [30, 31]. This edema can be accompanied by both supraciliary 
effusion, ciliary rotation, and may also increase lens thickness. All these sequelae 
may raise intraocular pressure, as well as increase the refractive power of the eye 
through forward displacement of the lens-iris diaphragm [4].

The degree to which anterior chamber depth is shallowed varies between studies. 
Huang et al. demonstrated that AC depth went from 3.20 to 3.01 mm at 6 months 
(~6% decrease), and then slightly increased to 3.03 mm at 12 months [4]. Kawahara 
et al. noted shallowing of the anterior chamber in all eyes that underwent encircling 
buckles and 60% of eyes that underwent segmental buckles [32]. While most studies 
showed anterior chamber depth shallowing persisted, Goezinne et al. demonstrated 
shallowing of anterior chamber at 9 months with return to normal depth at 1 year in 
a series of 38 eyes treated with encircling element and radial or segmental buckle 
[33]. Wong et al. showed anterior chamber depth decreased 3.84–3.32 at 12 months 
in eyes treated with encircling buckle, with stabilization of values at week 1 [3]. 
Two other studies noted anterior chamber shallowing of 0.204 and 0.20 mm [21, 34].

Regarding angle structure changes with encircling bands, anterior segment opti-
cal coherence tomography studies have demonstrated trabecular iris angle, angle 
opening distance, and trabecular iris space area were all significantly decreased at 
1  month of follow-up, without an accompanying change in intraocular pressure 
[35]. Similarly, using ultrasound biomicroscopy, Pavlin et al. demonstrated a greater 
than 5° decrease in angle opening in 73% of patients who went scleral buckling 
1  week after surgery with the ciliary body and iris root rotated anteriorly [36]. 
Furthermore, the ciliary body and iris root were rotated anteriorly in all patients in 
this study.

Aldhafeeri, in his finite element model, demonstrated that anterior chamber 
depth did decrease about 1% with scleral buckling, but noted that in eyes with 50% 
corneal thinning, anterior chamber depth was slightly increased by buckling [9]. 
This does not account for all the changes in anterior chamber depth seen with buck-
ling in clinical studies, and this model does not account for ciliary body edema and 
rotation that occur in vivo. However, the effect of scleral buckling on anterior cham-
ber depth in eyes with thinned corneas has yet to be established in the current 
literature.
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 Volume Changes Induced by Scleral Buckling

As a sphere contains the largest amount of volume for the least amount of surface 
area, indentation from scleral buckling surgery will cause a reduction in volume by 
creating a more oblong shape, displacing fluid from the vitreous cavity. Volume 
change after scleral buckling surgery has been evaluated by Thompson et al. in a 
study on cadaver eyes in which a 5 mm radial buckle displaced 5% of volume, a 
2.5-mm silicone encircling band displaced up to 12% of the vitreous volume, and a 
7-mm hard silicone band displaced 33–43% depending on the height [37]. Shi et al. 
demonstrated through MRI of the eye that volume after encircling buckle decreased 
by an average of 1.72 mL [38]. The volume displaced can be determined from the 
following formula: V c r h h w w� � �� � �� ��

360
2 1 22 , where V is the volume dis-

placed in mm3, c is the circumference of the buckle in degrees, r is the radius of the 
eye in mm, h is the height of the buckle in mm, w1 is the width of the buckle anterior 
to the equator in mm, and w2 is the width of the buckle posterior to the equator in 
mm [39].

In Aldhafeeri’s model, volume decreased with buckle indentation. They noted a 
0.65, 1.82 and 3.17% reduction of the original volume, respectively, for 1/3, 2/3 and 
1 mm of indentation with a 5 mm buckle and 180° extent [9]. The buckling param-
eters he used for his study were selected by a vitreoretinal surgeon [12] as were 
some of the scleral and choroidal elasticity constants [40].

 Effects of Scleral Buckling on Ocular Rigidity

Ocular rigidity is a measure of an eyes elasticity and is the change in intraocular 
pressure for a given change in volume. This can be influenced by myopia, intraocu-
lar gas, and buckling surgery [12]. Ocular rigidity can be estimated as the slope of 
the line generated by plotting the log of pressure against change in volume [41]. 
This formula assumes rigidity to be constant for an eye regardless of intraocular 
pressure. Various additional formulas have been developed, including pressure/vol-

ume curves using the van der Werff formula: V
P P

K
�

�2
1 3

1
1 3/ /

, where P1 is the 

initial intraocular pressure, P2 is the final intraocular pressure after an alteration 
(AV) of the intraocular volume, and K is the ocular rigidity function [42].

The effect of compliance can be important post-buckling as eyes with higher 
compliance can have higher volumes of substances injected into the eye without 
increasing intraocular pressure. Additionally, measurements of intraocular pressure 
in these eyes, especially with indentation tonometry, may be falsely low.

Johnson et al. found in a cadaver eye model that scleral buckling with a silicone 
encircling band reduces ocular rigidity fourfold; they attributed the reduction in 
compliance to greater elasticity of the silicone encircling element as compared with 
sclera [43]. They further postulated that as volume is added to the eye, volume 
expansion occurs preferentially at the indentation of the buckle, decreasing buckle 
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height at an area of least resistance. Additionally, as the volume expands, the eye 
can accommodate some of this volume by becoming more spheroid.

Friberg and Fourman disputed the explanation that the properties of the  encircling 
buckle element were germane. In their experiments, Friberg and Fourman evaluated 
human donor eyes and noted that buckled eyes were less rigid than unbuckled eyes, 
with higher buckles being less rigid than shallower buckles. The authors also noted 
an increase in compliance with buckling using either a silicone or a rigid metal band 
(Fig. 23.4), underscoring that the increased compliance was due primarily to the 
change in eye shape and not the elasticity of the band [12]. They reasoned that in a 
normal spherical globe, fibers in the sclera are stretched uniformly with a rise in 
IOP, but in a buckled eye with an encircling band, the eye becomes more cylindrical 
causing more stress in the equatorial direction without change in the anteroposterior 
direction. The cylindrical eye therefore expands more easily along the radius instead 
of AP direction as these areas are under the greatest stress. Additionally, Friberg and 
Fourman suggested that indentation of the buckle into the vitreous cavity causes the 
force vectors of scleral tension and IOP to act together to push the sclera out against 
the indentation. These forces are counteracted by the circumferential tension in the 
encircling band and in the sutures. Additionally, they suggested that the alteration of 
scleral stress, with concentration of stresses within the sclera in the vicinity of the 
buckle, results in greater local deformation of the sclera near the buckle, affecting 
eye pressure.
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Whitacre et al. performed a similar study, but conversely noted a greater increase 
in compliance using a silicone band instead of a metal band, attributing the increase 
in compliance to the elasticity of the silicone band as suggested by Johnson et al. 
[44]. They postulated that some of the differences may have been seen by keeping 
the eye at physiologic intraocular pressures up to 40  mmHg while making their 
PV curves.

In Aldhafeeri’s model, the rigidity of the eye similarly was decreased after buck-
ling. This was further reduced with reduction in the band width, positioning closer 
to the limbus, and decreasing the extent of a segmental buckle [9].

 Effects of Scleral Buckling on Ocular Blood Flow

As previously discussed, ciliary body edema is thought to occur postoperatively due 
to a reduction in uveal or retrochoroidal blood flow. Classically, this was seen after 
placement of encircling elements. One study measured pulsatile ocular blood flow 
after encircling buckles and noted a reduction in ocular pulse amplitude and pulsa-
tile ocular blood flow (POBF). The decrease in POBF averaged 43% and improved 
to 85.6% after cutting the band [45]. While they noted that venous obstruction or 
kinking of long posterior ciliary arteries may be factors, Lincoff et al. suggested that 
the elastic band blocks compliance of the globe and limits the volume of systolic 
pulse that the eye will accept, as they noted that the reduction is independent of the 
amount of constriction or the location of the band. Sugawara et al. also looked at 
choroidal blood blow in the foveal region using laser doppler flowmetry to compare 
buckled eye to fellow eye and noted decrease in flow at 2 and 4 weeks with a return 
to baseline at 12 weeks [46]. Furthermore, increased choroidal thickness has been 
found following buckling surgery, potentially from restriction of choroidal blood 
flow. Some studies have reported this was transient, normalizing within 4 weeks or 
3 months [47, 48], while another demonstrated a persistent increase at 22 months 
[49]. Band size, location, height, and small sample size all may play a role in the 
discrepancies that currently exist in the literature.

For segmental buckling, Kimura et al. noted an increase in choroidal thickness of 
13% following segmental buckling up to 1 month that normalized at 3 months and 
suggested both restriction of blood flow and post-operative inflammation contrib-
uted to these transient changes [50]. Iwase et  al. looked at choroidal blood flow 
following segmental buckling with laser speckle flowgraphy and noted a reduction 
in choroidal blood flow at the buckle and unbuckled side choroid, but not the macu-
lar choroid [51]. Subfoveal choroidal thickness was transiently increased for 1 week 
after surgery.

In case reports, authors have suggested cutting encircling bands has led to 
improved blood flow. Yoshida et al. described a constricted visual field in an eye 
with an encircling band and recovery after the band was cut [52]. Kimura et  al. 
reported a patient who had a visual field defect after buckling surgery and noted 
delayed ICG filling and improved blood flow following cutting the encircling band 
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as well [53]. Despite these isolated reports, the practice of loosening or removing 
encircling elements is now rare.

 Conclusions

Scleral buckling has numerable effects on eye physiology, affecting axial length, 
corneal topography, anterior chamber depth, ocular blood flow, ocular rigidity, 
which may differ depending on surgical selection and technique as well as the pre-
existing biomechanical properties of a patient’s eye. A vitreoretinal surgeon should 
carefully weigh these factors during surgical evaluation and selection of patients for 
potential buckling.
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Chapter 24
Ocular Rigidity and Drugs

Andreas Katsanos, Anna I. Dastiridou, and Anastasios G. P. Konstas

 Introduction

Ocular rigidity is an old concept, that was introduced to characterize the pressure- 
volume relationship in the eye [1]. Since then, limited data are available in the litera-
ture concerning the effects that drugs can have on ocular rigidity and eye 
biomechanics. This may at least in part be attributed to the difficulties in measuring 
ocular rigidity and the biomechanical properties of the ocular tissues in vivo. In this 
chapter, the evidence available on the topic is reviewed.

Most of the drugs studied are used in glaucoma treatment. Differences in ocular 
rigidity reported in studies in glaucoma using paired Schiotz (or other indentation) 
tonometry could be attributed to an effect of the drug, the IOP and the accuracy of 
the calibration tables [2]. In addition, biomechanics have already been shown to be 
clinically relevant in the course of glaucoma (see section “ocular rigidity and glau-
coma” of Chap. 17) [3]. Patients with seemingly well-controlled intraocular pres-
sure (IOP) that progress faster are more likely to have thin corneas and low corneal 
hysteresis. Therefore, despite the inherent difficulties, there is clinical need to gain 
insight into the biomechanics of the eye.

Friedenwald has reported his findings in a limited set of eyes and reported that 
pilocarpine and epinephrine can differentially influence ocular rigidity [1]. In 
another study, the effects of orally administered propranolol on IOP and ocular 
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rigidity were evaluated in 22 patients [4]. Propanolol was reported to effectively 
lower the IOP, without inducing changes in the rigidity of the eye [4]. Rigidity was 
measured with a combination of applanation and indentation tonometry. In another 
study, Ebneter et al. used acetazolamide to pharmacologically modulate the IOP [5]. 
They measured the IOP reduction due to acetazolamide, and the change in axial 
length in order to estimate a surrogate parameter for rigidity. They assumed that the 
drug itself does not induce any short-term change in the rigidity coefficient. The 
authors identified differences between glaucoma and controls, with increased rigid-
ity observed in the glaucoma group.

Other studies on ocular rigidity and the biomechanics of the eye have focused on 
pilocarpine and prostaglandin analogues and are discussed below.

 Pilocarpine

Pilocarpine is a parasympathomimetic drug and its actions in the eye include 
increase in trabecular outflow and ciliary muscle contraction, accommodation of the 
ciliary body and crystalline lens complex, miosis, shallowing of the anterior cham-
ber, ciliary and conjunctival vessel congestion and breakdown of the blood aqueous 
barrier [6]. Manometric experiments in cynomolgous monkeys revealed an increase 
in outflow facility with pilocarpine [7]. In fact, there is now evidence from enhanced 
depthoptical coherence tomography imaging that Schlemm’s canal expands after 
instillation of pilocarpine both in glaucoma and in normal eyes [8].

In a study in rabbits, pilocarpine was used to induce contraction of the ciliary 
body and the elastic modulus of both the cornea and the sclera was tested to inquire 
whether there was a detectable change [9].While the elastic modulus of cornea and 
anterior sclera strips showed no difference, sclera strips from the equatorial and 
posterior regions revealed changes in the diameter of collagen fibrils, the collagen 
content and finally the elastic modulus. Therefore, there is evidence in animals that 
the elasticity of the sclera changes with pilocarpine.

Very limited data is available in the literature on the effects of pilocarpine on 
ocular rigidity. In the report by Friedenwald, the drug was shown to decrease ocular 
rigidity initially, followed by a return to normal in glaucoma eyes [1].

 Prostaglandins

Prostaglandin analogues are a widely used, first-line therapeutic option for patients 
with glaucoma, due to their safety, efficacy and convenient dosage Scheme [10]. 
Interestingly, IOP and aqueous dynamics in the course of uveitis led to further 
research on the role of prostaglandins release and the introduction of prostaglandin 
analogues in the treatment of glaucoma [11]. Prostaglandin analogues work by 
enhancing the uveoscleral pathway, while some studies have also suggested 
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improved conventional outflow [12]. Studies have shown that matrix metallopro-
teinases are upregulated, keratocyte cell density decreases and extracellular matrix 
undergoes significant remodeling with prostaglandin use, leading to the effects seen 
in uveoscleral outflow [13–15].These changes along with changes in IOP could pos-
sibly affect the pressure-volume relationship and ocular rigidity.

Prostaglandin analogues use has been associated with breakdown of the blood 
aqueous barrier. There is also some evidence that ocular blood flow may increase 
with prostaglandin use [16]. However, these changes are probably of small magni-
tude, with no change in optical coherence tomography subfoveal choroidal thick-
ness measurements noted after a 1-month course of latanoprost treatment [17].

While there is a paucity of data in the literature on the effects of prostaglandin 
analogue use on ocular rigidity, several studies have investigated the link between 
their use and changes in the biomechanical properties of the eye. Laboratory evi-
dence on the biomechanical effects induced by travoprost has been reported in rab-
bit corneas post mortem [18]. The authors identified significant reductions in the 
stiffness of the corneal tissue with travoprost treatment. Therefore, similar effects in 
human corneas in vivo could have important clinical implications.

Detorakis et al. tested the hypothesis that if latanoprost produces a change in the 
biomechanics of the cornea, then this may result in a difference between the tonom-
etry reading with applanation and dynamic contour tonometry [19]. In that study, 
the difference between applanation and dynamic contour tonometry was larger in 
latanoprost-treated eyes. However, this difference was very small and did not reach 
significance in another study analyzing contralateral eyes, with one eye receiving 
bimatoprost or travoprost and the fellow eye serving as control [20].

The majority of clinical studies that attempted to characterize the effects of pros-
taglandin analogues on eye biomechanics used the Ocular Response Analyzer 
(ORA, Reichert Inc.). In an initial study that aimed to assess the biomechanical 
properties with the ORA in glaucoma, the authors found no change in corneal hys-
teresis (CH), while corneal resistance factor (CRF) was lower in eyes treated with 
topical prostaglandin analogues [21]. However, the results of the study by Bolivar 
et al. suggest that CH increases with topical prostaglandin analogues [22]. Newly 
diagnosed treatment naïve open angle glaucoma or ocular hypertension patients 
were enrolled in that study and CH at 6 months post prostaglandin analogue treat-
ment initiation was increased compared to that at baseline. However, no correlation 
was found between the change in IOP and the change in CH, suggesting that latano-
prost directly affects the biomechanics of the cornea. Whether these changes are at 
least in part related to a possible change in central cornea thickness (CCT) remains 
unknown [23, 24]. Interestingly, there are conflicting studies in the literature that 
point to an effect of prostaglandins on CCT [25, 26]. Meda et  al. used different 
methods to investigate the effects of prostaglandins on ORA measurements [27]. 
They recruited primary open angle glaucoma patients on chronic prostaglandin ana-
logues and used one eye as a control, while stopping treatment in the other and then 
re-introducing the same treatment. They measured CH and CRF with the ORA and 
also quantified cornea thickness and IOP. They reported that topical prostaglandins 
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led to a reduction in CH, CRF and CCT. These changes could result in error in the 
measurement of IOP with applanation tonometry and underestimation of true IOP.

Corneal hysteresis measurements have been suggested to provide information 
regarding the magnitude of IOP-lowering effect that can be anticipated in an eye. 
Agarwal et al. reported that CH at baseline was an independent significant predictor 
for the observed IOP-lowering effect of prostaglandin therapy [28]. The authors 
suggested that patients in the lowest quartile of CH had their IOP lowered by 29% 
while those in the highest CH quartile experienced a 8% IOP decrease. This finding 
can have direct clinical implications, suggesting that some patients have an increased 
likelihood of a favorable IOP-lowering effect on prostaglandins and this can in 
some cases be predicted with the measurement of CH at baseline.

Other studies used the Corvis ST to characterize the effects of prostaglandin F2a 
use on the biomechanics of the eye. Amano et al. used the Corvis-ST and the Casia 
1 or 2 tomography device to compare between primary open angle glaucoma eyes 
that were treated with either prostaglandin or beta-blockers and the fellow untreated 
contralateral eye [29]. Their results showed that although the dimensions of the 
cornea remain stable and the shape does not change with prostaglandin treatment, 
there are several changes in numerous biomechanical parameters in prostaglandin- 
treated eyes. It remains however unknown which of these parameters are more clini-
cally relevant.

In a cross-sectional study, Tejwani et al. compared corneal biomechanical param-
eters measured with the Corvis ST [30]. They enrolled primary open angle and 
primary angle closure patients that were under topical treatment and others than had 
undergone glaucoma surgery. No difference was found in that study in eyes with 
and without glaucoma. In their model, the authors also tested for the effect of filtra-
tion surgery and medication (prostaglandins versus beta-blockers versus both) and 
found that antiglaucoma drugs were not associated with an effect in eye biomechan-
ics [30]. Variables such as CCT, IOP and anterior chamber depth were found to 
strongly influence corneal biomechanical properties in that study.

Sánchez-Barahona et  al. prospectively examined how latanoprost affects IOP 
measurements with three tonometers: Goldmann applanation tonometer, ORA and 
Corvis ST [31]. The authors reported that the change in IOP with latanoprost mea-
sured with the Corvis ST tonometer was smaller compared to that measured with 
the other two modalities [31]. Biomechanical corneal properties were also signifi-
cantly different at 3 months of latanoprost use. Importantly, this study may suggest 
that the IOP lowering effect of latanoprost may be overestimated with applanation 
tonometry.

Finally, Wu et al. reported that the changes observed after topical prostaglandin 
use are not short-lived [32]. Their findings with the Corvis ST were present in eyes 
on at least 2 years of prostaglandin use.

New drug delivery methods may also have an effect on the observed changes in 
ocular biomechanics. It is currently unknown if the ocular biomechanical effects 
caused by prostaglandin analogues are similar in eyes treated with topical versus 
intracameral formulations [33]. Interestingly, intracameral delivery of bimatoprost 
has been associated with a sustained decrease in episcleral venous pressure which 
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may be associated with blood flow changes and also biomechanical implica-
tions [34].

New drugs have recently been introduced in glaucoma treatment. 
Latanoprostenebunod and netasurdilare increasingly being used in glaucoma treat-
ment and represent new classes of antiglaucoma medications [35]. The possible 
biomechanical effects of these drugs in the eye are currently unknown [36].
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Chapter 25
Ocular Rigidity and Surgery

Yann Bouremel, Christin Henein, and Peng Tee Khaw

 Introduction

 Definition of Ocular Rigidity

Ocular rigidity is a parameter describing the elasticity of the ocular shell, and is 
defined as the ratio of the log change in intraocular pressure (∆IOP) over change in 
volume (∆V). In other terms, ocular rigidity characterises the resistance of the eye 
to deform when its shape changes with intraocular pressure (IOP). An ocular rigid-
ity coefficient was first described by Friedenwald [1] in 1937, where he specified 
that above 5 mmHg:
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where IOP2 is the intraocular pressure for the volume injected V2, IOP1, the intra- 
ocular pressure for the volume injected V1, and K, the ocular rigidity coefficient. 
Friedenwald believed that there was no change in the ocular rigidity coefficient with 
variation in pressure above 5 mmHg [1]. However, two decades later, a series of 
authors proved that the ocular rigidity both varies with ocular pressure and differs 
from one animal species to another [2–6]. It is crucial to understand how the rigidity 
of the eye affects surgery. To measure ocular rigidity, different methods have been 
proposed: from inflating the anterior chamber in an invasive way to, more recently, 
looking at the variation of the choroidal thickness [7, 8]. It remains a topic for 
debate which ocular rigidity equation or measurement most accurately describes the 
rigidity of the eye [9–11]. More recently, parameters  such as corneal hysteresis 
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factor or corneal resistance factor have been introduced to improve on IOP measure-
ments. These parameters have also been used as risk factors for the development of 
glaucoma and used as a proxy for ocular rigidity.

 Definition of Corneal Hysteresis and Corneal Resistance Factor

The cornea is a complex tissue which exhibits age-dependent non-linear viscoelas-
tic properties. It exhibits anisotropia in terms of strain, deformation and elastic 
strength. Biomechanical changes in the cornea can arise from surgery-related modi-
fication and post-operative corneal oedema. Surgeries which alter the IOP, corneal 
viscosity, elasticity and thickness also impact the corneal response to deformation 
i.e. corneal hysteresis and corneal resistance factor. Until now, there was no theo-
retical concept that considered the impact and interaction of independent factors 
such as IOP, geometric and structural biomechanical parameters of the cornea on 
ocular rigidity.

The corneal hysteresis (CH) parameter is the calculation of the difference 
between the inward (P1) and outward applanation (P2) pressures derived from the 
measuring device e.g. the Ocular Response Analyzer® (ORA) (Reichert 
Technologies) during its dynamic bidirectional applanation process. ORA is a non- 
invasive device used to measure corneal biomechanical properties such as CH and 
CRF.  ORA also measures corneal compensated IOP (IOPcc) and Goldmann- 
correlated IOP (IOPg). These IOP estimates are less affected by corneal elasticity, 
hydration, rigidity or hysteresis, and provide improved accuracy. The CH factor is a 
dynamic measure of the viscous damping in the corneal tissue and represents the 
energy absorption capability of the cornea. The corneal resistance factor (CRF) is 
also derived from these two pressure values but in a more complex calculation (see 
Eq. 25.2). The CRF parameter is an indicator of the total corneal response, includ-
ing the elastic resistance of the corneal tissue. CRF is correlated with IOP and cen-
tral corneal thickness (CCT) and therefore corneal elasticity. CRF is defined as:

 
CRF k P P k� � � �� � �1 1 2 20 7.

 
(25.2)

where the constants k1 and k2 have been empirically determined [12]. As the 
cornea is more accessible than the sclera for measurement, CH and CRF may offer 
useful surrogate markers to ocular rigidity.

Previous studies have shown a positive correlation between CH and CCT [13–
15]. In a large population cohort over 90,000 participants, CH was significantly 
associated with age, sex, and ethnicity, which should be taken into account when 
interpreting CH values [16]. There is scarce evidence linking CH and CRF (ORA 
parameters) and the standard mechanical properties (Young’s modulus and ocular 
rigidity) used to describe elastic materials [17]. CH and CRF are entirely empirical 
parameters, each of which characterises the response of the cornea to deformation 
by an air impulse. As there is considerable research in understanding the rigidity of 
the eye, we have proposed defining ocular rigidity using engineering parameters; to 
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facilitate surgeons’ understanding of the impact of surgery on ocular rigidity. By 
rewriting the equations using engineering and geometrical parameters, we are able 
to assess the impact of ocular rigidity on different types of ocular surgical situations.

 Rewriting Ocular Rigidity Using Engineering Parameters

A series of different ocular rigidities have been proposed based on Friendenwald’s 
work. All the definitions of ocular rigidity are different expressions of ∆IOP/∆V, 
with one of the latest equations being the work of Van Der Werff [18]:
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This one parameter expression is insensitive to changes in intraocular pressure and 
is called cube root ocular rigidity. It is equal to approximately 0.03 mmHg1/3μl−1 for 
enucleated human eyes. The eye can be seen as being divided into two different 
compartments, the front of the eye made up of the anterior segment delimited by the 
lens-iris diaphragm, and the posterior segment of the eye. Injecting volume into the 
anterior chamber will increase the volume of the anterior segment but not necessar-
ily of the posterior segment (for relatively small quantity of fluid). We can therefore 
rewrite the cube root ocular rigidity equation using the pursing of elastic pocket 
equation developed by Bouremel et al. [19]. Firstly, there are two different types of 
pursing according to the height of the anterior chamber: If the maximum height of 
the anterior chamber is less than the thickness of the cornea, the anterior chamber is 
said to be bending (flat anterior chamber). If the maximum height of the anterior 
chamber is greater than the thickness of the cornea, the anterior chamber is said to 
be stretching. We assumed in the latter scenario, the anterior chamber height is 
approximately 3 mm and the average cornea thickness 0.55 mm. We can rewrite this 
function by analysing the way it is measured. In order to measure the ocular rigidity 
in living patients, Pallikaris [62] performed studies to measure ocular rigidity in vivo 
by recording the change in intraocular pressure change (ΔIOP) after injecting 
repeated boluses of balanced salt solution into the anterior chamber (ΔV), as shown 

Pressure measurement (∆P)

Volume injected (∆V)

Radius (R)

IOP

Young’s Modulus (E)

Thickness (T)

Fig. 25.1 Schematic diagram illustrating the method to measure ocular rigidity following 
Friendenwald’s Equation (brown) and relevant geometrical parameters (blue)
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in Fig. 25.1. From the work of Bouremel et al. [19] on pursing of elastic pockets, we 
can rewrite the cube root ocular rigidity from Van Der Werff as shown in Eq. (25.4):
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 where E, is the average Young’s Modulus of the cornea which is approximately 
0.29  MPa or 2175.2  mmHg  [20]; T, the average thickness of the central cornea 
approximately 0.55 mm, and R, the average corneal radius approximately 5.85 mm 
[21]. The respective physiological values replace each parameter in Eq. (25.4), giv-
ing a cube root ocular rigidity, k = 0.031 mmHg1/3 μl−1 (with 1 m3 = 109μl), within 
3.8% of Van Der Werff results [18]. The expression of the ocular rigidity function in 
Eq. (25.4) combining corneal geometrical parameters (corneal thickness and aver-
aged radius) as well as material elastic properties of the cornea (Young’s Modulus).

 Modelling Corneal Incisions

By redefining ocular rigidity using engineering parameters for the anterior segment 
compartment, we can model the impact of corneal incisions on ocular rigidity in dif-
ferent scenarios. For this purpose, we developed an experimental and numerical 
model for incisions. The experimental modelling consists of simulating different 
anterior chamber depths, sizes, intraocular pressures and cornea thicknesses using 
elastic materials such as silicone. We then create incisions through the models and 
measure the pressure at which they leak and the flow rate of the leak. Each incision 
is self-sealed at the start of each experiment before increasing the pressure ultimately 
resulting in a leak from the incision. We used the numerical models to understand the 
stress along different cornea geometries and rigidities and to understand the stresses 
obtained at the pressure at which the incision leaks in the experimental model.

 Experimental Modelling

Experimental corneas constructed of thin silicone sheets (from Silex Ltd., UK) were 
clamped on a 3D printed model (from Formlabs, USA) as shown in Fig.  25.2. 
Different sized corneas were simulated from a very small diameter of 5 mm to a very 
large diameter of 20 mm, thickness of 0.25 to 1.6 mm and Young’s Modulus of 1.25 
and 4.21 MPa. The cube root ocular rigidity according to Eq. (25.5) varied from 
extremely low cube ocular rigidity of 0.007 mmHg1/3 μ1−1 to extremely high cube 
ocular rigidity of 1.24 mmHg1/3μl−1. Incision of 1 mm long and 0.2 mm wide were 
made through the experimental corneas using a micro feather blade. The corneas 
were then connected to a microfluidic set-up (Fluigent, Le Kremlin-Bicêtre, France) 
varying automatically the pressure within the experimental corneas and recording 
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the flow rate through the incision. If the incision was self-sealed, the flow rate 
through the incision was zero. The pressure was increased automatically in steps as 
low as 1 mmHg every hour to ensure that the system had time to stabilize between 
each recording. Typical examples of incision leak rate are shown in Fig. 25.2c for 
two experimental corneas of two different ocular rigidities. Once the incision started 
to leak, increasing IOP led to higher flow rate through the incision. Interestingly,  
all experimental corneas started to leak with a flow rate of 0.4 ± 0.2μl/min [22]. 
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Fig. 25.2 Incision (a) into experimental silicone corneas clamped to 3D printed models followed 
by the experimental cornea leaking at the site of incision (b) and (c) the flow rate associated across 
the incision using two experimental corneas of different ocular rigidity when the pressure within 
the experimental anterior chamber increases. In (c), the incision leak rate is shown with black 
diamonds for lower ocular rigidity, and with red diamonds for higher ocular rigidity. This diagram 
shows that experimental corneas with lower ocular rigidity (K = 0.08 mmHg1/3µl-1) leak at a lower 
IOP compared to those with a higher ocular rigidity (K = 0.12 mmHg1/3µl-1). Ocular rigidity, K is 
defined using Eq. (25.4)
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Lower ocular rigidity corneas started to leak at lower pressure compared to corneas 
of higher ocular rigidity. Below, we investigate the reasons for lower ocular rigidity 
eye to leak at lower pressure by simulating corneas of different ocular rigidity and 
mapping the stresses and strains along the corneas associated to the experimental 
IOPs obtained when the incision started to leak.

 Numerical Modelling

Commonly, the cornea is modelled as a homogenous elastic sphere with the stress 

along it given by  the Laplace Equation: 
� �

�
�

IOP d

T4  with σ, stress within the 
stroma, IOP, intraocular pressure, d, diameter of the cornea and T, thickness of the 
cornea. While Laplace’s equation only gives an averaged value for a fixed corneal 
diameter and thickness, a simplified model of the cornea can be presented using 
finite element modelling (Fig.  25.3) using the finite element analysis software 
Abaqus version 6.12.3. The cornea is modelled as a hyper-elastic membrane with 
the strain energy density function derived from Mooney [23]. The change in height 
of the experimental anterior chamber is linked to the IOP. The model shows the dif-
ferent regions of strain/stress of the cornea. An example of a simulated healthy 
cornea model is shown in Fig. 25.3 with an ocular rigidity of K = 0.036 mmHg1/3μl−1 
and an IOP of 10 mmHg.
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Fig. 25.3  Simulation 
generated with Abaqus 
software showing the 
pursing of an experimental 
healthy cornea with the 
isocontours of stresses for 
an ocular rigidity using Eq. 
(25.4) of 
K = 0.036 mmHg1/3μl−1 
and IOP = 10 mmHg

Y. Bouremel et al.



341

 Ocular Rigidity Affects Corneal Stress Zones

Using our numerical modelling, experimental corneas of different ocular rigidities 
were simulated to understand how stress affects them. We varied three parameters 
(E is Young’s modulus, T is thickness and R is radius) defined in Eq. (25.4) and 
studied the stress distribution across the cornea. Figure 25.4 summarises our find-
ings. When increasing the Young’s Modulus (E) of the cornea, the ocular rigidity 
increases as shown by Eq. (25.4) at a power of E1/3, this results in lower stress at a 
constant IOP compared to a cornea of a lower ocular rigidity. Lower iso-contour 
stresses are represented by green-blue plotted data. Conversely, if the thickness (T) 
is decreased or the size of the cornea increased (R), the ocular rigidity decreases 
following T1/3 and R−10/3. This leads to higher stress along the corneas at constant 
IOP. When creating incisions into the cornea, we have shown recently that lower 
ocular rigidity corneas leak at lower pressure compared to corneas of higher ocular 
rigidity [22]. This is explained by relating the higher stresses of low ocular rigidity 
corneas to higher corneal strains compared to higher ocular rigidity corneas. In this 
experimental model, corneas of ocular rigidity ranging from 0.007 to 
1.25  mmHg1/3μl−1 were found to leak when the strain at the point of incision is 
2.8 ± 0.5% with a flow rate of 0.4 ± 0.2μl/min in all cases. Therefore, lower ocular 
rigidity corneas achieved this type of low strain at lower IOP compared to higher 
ocular rigidity corneas [22]. Keeping this principle in mind, we will now review the 
different surgeries and the impact ocular rigidity may have on them.
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Fig. 25.4 Simulation demonstrating how ocular rigidity affects the stress along the experimental 
corneas at a constant IOP.  When Young’s Modulus (E), corneal thickness (T) and radius (R) 
from the ocular rigidity Eq. (25.4) are modified, the other parameters are kept constant
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 Ocular Rigidity and Surgery

 Globe Rupture

Globe rupture occurs when there is a defect in the cornea, the sclera, or both struc-
tures. Most often, globe rupture occurs after direct penetrating trauma; however, if 
sufficient blunt force is applied to the eye, the intraocular pressure can increase 
enough to rupture the sclera where it is the thinnest and the weakest. The sclera is 
thinnest, 0.3 mm thick, posterior to the rectus muscle insertions. It is 0.4 mm thick 
at the equator and 0.6 mm thick anterior to the muscle insertions. The sclera may 
rupture open from blunt trauma at structural weak points, especially at the corneal 
limbus bordering the sclera, the rectus muscle insertion of the optic nerve and sites 
of prior eye surgery such as glaucoma or cataract surgery [24, 25]. However, phaco-
emulsification through a self-sealing corneoscleral tunnel is associated with signifi-
cantly less risk of traumatic wound dehiscence [26]. The risk of eye injury increases 
with age; as a result, the eyes of elderly patients may be more susceptible to ciliary 
body related eye injuries in traumatic impact situations [27]. Peak deformation of 
the lens decreases with increasing lens stiffness.

 Refractive Surgery

Refractive surgery was developed for the correction of myopia, hyperopia, and 
astigmatism with the aim of achieving spectacle independence. The different sur-
geries namely radial keratotomy (RK), photorefractive keratectomy (PRK), laser in 
situ keratomileusis (LASIK) and laser-assisted subepithelial keratectomy (LASEK), 
consist of removing part of the cornea to correct the vision of the patients. More 
precisely, LASIK, PRK, and LASEK are surgical techniques that use excimer laser 
energy to alter the refractive status of the eye by precisely removing corneal stromal 
tissue. The primary difference is that the tissue removal is done under a flap with 
LASIK and on the surface of the cornea with PRK/LASEK. In PRK, the corneal 
epithelium is mechanically removed, then an excimer laser is used to apply 
computer- controlled pulses of light energy to reshape the cornea. The corneal epi-
thelial layer grows back over 3–4 days. LASIK consists of first making a corneal 
flap with a device called a microkeratome (blade or laser based). After the flap is 
created, the excimer laser removes small amounts of underlying tissue from the 
exposed cornea. Following the laser treatment, the flap is placed over the eye and 
carefully repositioned to complete the surgery. In LASEK, the corneal epithelium is 
soaked in a dilute solution of alcohol, pushed aside as a single sheet, and then 
pushed back over the surface of the corneal after the laser treatment is completed. 
Maximal displacement of the cornea occurs in the mid-peripheral cornea after PK, 
in the central cornea after PRK, and paracentrally after LASIK and SMILE proce-
dures [28]. By removing part of the corneal stroma, refractive surgeries reduce the 
thickness of the cornea, which will therefore decrease the rigidity of the eye 
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following Eq. (25.4). A decrease in thickness (T) will decrease the ocular rigidity 
following T1/3, as shown in Fig. 25.5. This has been shown by Cronemberger et al. 
where they showed that ocular rigidity decreases after LASIK, up to 24 months 
post- operatively [29].

CH and CRF are also reduced after LASIK, LASEK and PRK compared to con-
trols [30]. Similar reductions occurred following LASIK and LASEK procedures 
with similar amounts of corneal ablation. Post-operative CH at 3 months were not 
significantly different between LASIK and LASEK, indicating that LASIK involv-
ing a thin 120-mm flap did not induce additional biomechanical change [30]. A rela-
tively new refractive procedure, small incision lenticule extraction (SMILE) used to 
treat a magnitude of refractive errors, utilises femtosecond laser to create a corneal 
lenticule, which is extracted whole through a small corneal incision. A systematic 
review of three RCTs found no statistically significant differences between SMILE 
or flap-based procedures concerning corneal hysteresis (CH) or corneal resistance 
factor (CRF), as measured with the Ocular Response Analyzer [31]. Corneal thin-
ning surgeries that change the rigidity of the cornea will affect IOP measurements 
which rely on corneal rigidity and could lead to underestimation of IOP. Pressure 
rises can be missed if they occur after corneal thinning surgery and other evidence 
of raised pressure such as corneal oedema or increased cupping must be detected. 

 Phacoemulsification Surgery

Peripheral corneal incisions avoid the visual axis and produce less astigmatic effects 
and are therefore preferred to more central corneal incisions. Peripheral corneal 
incisions self-seal better compared to central corneal incisions (where the cornea is 
thinner) at the same intraocular pressure. This is related to the stress strain zones of 
the cornea (see Fig.  25.4). The central corneal  zone is under greater stress. 
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Symmetrical corneal incisions are better at self-sealing, where the roof of the inci-
sion is the same thickness as the floor. In the case of thinner corneas and therefore 
lower ocular rigidity eye, incisions leak at lower pressure, as shown in Figs. 25.2 
and 25.4, therefore longer tunnelling of the incision are created to improve self- 
sealing and reduces an astigmatic effect but at the expense of restrictive manoeu-
vring of surgical instruments and greater optical distortion. Schematic of incisions 
for thick and thin corneas are shown in Fig. 25.6.

Surgical adjustments need to be made when operating on myopic eyes and other 
large eyes such as those in patients with congenital glaucoma. Eyes with abnormal 
extracellular matrix such as Ehler Danlos syndrome and Marfans may also behave 
similarly. Myopic eyes tend to have larger anterior chambers and thinner corneas. 
CCT is known to be correlated with the degree of myopia in adults. Highly myopic 
eyes have a lower ocular rigidity based on Eq. (25.4) where the thickness and the 
radius of the anterior chamber appear respectively at a power (1/3) and (−10/3) and 
are more susceptible to intraoperative anterior chamber instability (shallowing) and 
wound leakages. To mitigate against these risks, an understanding of intra-operative 
fluidics and wound construction is needed. The aim of phacoemulsification surgery 
in these eyes is to maintain a stable anterior chamber. This can be achieved by keep-
ing the anterior chamber pressurised by elevating the irrigation bottle height of 
phacoemulsification machine. Approximately 11 mmHg is produced intraocularly 
for every 15 cm of height above the level of the patient’s eye. Keeping the anterior 
chamber adequately pressurised is particularly important while performing capsu-
lorrhexis. Newer phacoemulsification machines generate a pre-set intraocular pres-
sure during surgery by utilising forced infusion pumps that constantly adjusts 
irrigation fluid inflow to maintain anterior chamber stability. Creating a longer intra- 
stromal incision allows for greater contact surface area of opposing sides of the 
wound for closure. Alternatively, a superiorly placed scleral tunnel incision with an 
internal corneal lip can be used. Small, posteriorly placed superior stepped scleral 
tunnel incisions reduce the incidence of both early and late surgically induced astig-
matism. The initial scleral step incision should be made perpendicular to the scleral 
surface, at a depth of approximately 0.3 mm and placed 1.0–3.0 mm posterior to the 
surgical limbus. The initial incision length should be 2.75–7.00 mm, depending on 
the style of IOL to be implanted. When operating on paediatric eyes which have 

Thick Cornea

Thin Cornea

Blade

BladeFig. 25.6 Self-sealing 
incision for thick and thin 
corneas. A longer stromal 
tunnel is created to 
improve sealing in 
thin corneas

Y. Bouremel et al.



345

more elastic tissues and softer eyes compared to adult eyes, a longer scleral tunnel 
is warranted. Re-approximation of the surfaces of the tunnel allows for wound clo-
sure. However, thin soft, less rigid cornea or sclera (low ocular rigidity) often does 
not self-seal well and may require suturing for closure unlike a normal adult eye.

Our experimental model demonstrates that corneas of lower ocular rigidity, e.g. 
thin corneas, consistently leak at lower pressures compared to thick corneas (higher 
ocular rigidity), as expected. Lower ocular rigidity of experimental corneas was 
associated to higher corneal stress compared to higher ocular rigidity corneas at the 
same intra-ocular pressure. Higher stresses lead to higher strain, and therefore, 
larger wound gaps. Figure 25.7 shows the stress distribution of two experimental 
corneas of different ocular rigidities against increasing IOP. It can be seen that the 
higher ocular rigidity cornea is consistently associated with  lower stress for the 
same intraocular pressure compared to the lower ocular rigidity cornea. Lower 
stress means lower strain and a reduction in size of any corneal wound gaping.

Clear corneal incisions used in phacoemulsification surgery offers the benefit of 
a suture-less, self-sealing, easy to construct incision. Earlier use of phacoemulsifi-
cation with self-sealing incisions was associated with increased national rates of 
endophthalmitis, hence the importance of good wound closure without leaks. To 
avoid wound leakage, postoperative hypotony or the ingress of fluid and bacteria 
from the ocular surface, many surgeons hydrate the stroma with a balanced salt 
solution at the end of a cataract operation. Hydration of the corneal incisions result 
in temporary increase in central corneal thickness (CCT). At day 1 after clear cor-
neal cataract surgery, CH is diminished whereas CCT is increased significantly. 
Postoperative corneal oedema leads to a change of corneal viscoelastic properties, 
resulting in a lower damping capacity of the cornea when compared to a control 
group of 48 pseudophakic eyes (surgery >3  months previously) [32]. Structural 

Normalised Von Mises
Equivalent Stress (Pa)

10

0.061

0.082

K (mmHg-1/3ml-1)

20 40 IOP (mmHg)

1
0.92
0.83
0.75
0.67
0.58
0.5
0.42
0.33
0.25

0.08
0.17

0

Fig. 25.7 Experimental model showing the impact of ocular rigidity (K) on corneal stress at IOPs 
of 10, 20 and 40 mmHg

25 Ocular Rigidity and Surgery



346

differences and changes in the viscoelastic properties of the cornea are better mea-
sured using CH instead of CCT. However, postoperative changes in the CCT will 
impact the ocular rigidity if only temporarily. Increased corneal thickness through 
hydration will result in increased ocular rigidity according to Eq. (25.4) following 
T1/3. A lower  baseline CH (but not the baseline CCT) was associated with a 
larger magnitude of IOP reduction at 10–12 months after cataract surgery, when 
controlling for patient age [33]. If the intraocular pressure falls after surgery to low 
levels seen after glaucoma filtrations surgery (5–10 mmHg) combined with cataract 
surgery, the lower intraocular pressure would lead to leakage. Therefore, suturing 
would be safer in situations where intraocular pressure is lower.

 Limbal Relaxing Incisions

Limbal relaxing incisions (LRIs) were developed to reduce pre-existing corneal 
astigmatism during cataract surgery. Simultaneous phacoemulsification and LRI 
procedures require a clear corneal or sclero-corneal incision of approximately 
2.0–3.0 mm as well as paired arcuate incisions on the limbus. In a study by Kamiya 
et al., two paired arcuate incisions were created with a guarded micrometre diamond 
blade set at 500μm [34]. The CH and CRF values decreased 1 day after simultane-
ous cataract surgery with LRIs but soon recovered to preoperative levels [34]. The 
CCT also increased 1 day after surgery and soon recovered to preoperative levels. 
No studies assessing ocular rigidity and LRIs could be identified but one could 
speculate that LRIs alone is unlikely to impact overall ocular rigidity beyond 1 week 
postoperatively.

 Corneal Transplantation Surgery

Current principles of corneal transplantation involve selective replacement of the 
diseased corneal layer in order to avoid complications associated with full thickness 
corneal replacement, penetrating keratoplasty (PK). Deep anterior lamellar kerato-
plasty (DALK) is performed for corneal pathologies not affecting the endothelium 
and Descemet’s membrane. Descemet stripping automated endothelial keratoplasty 
(DSAEK) and Descemet’s Membrane Endothelial Keratoplasty (DMEK) are per-
formed for patients with only endothelial dysfunction. The different corneal trans-
plantation surgeries are summarised in Fig. 25.8.

PK and DALK surgeries in keratoconic eyes restore the corneal biomechanical 
parameters to a normal range [35]. Changes in corneal biomechanics after these 
surgeries may have implications for interpreting intraocular pressure or planning 
graft refractive surgery after keratoplasty. However, after PK in a heterogenous 
cohort of non-keratoconic patients (with herpetic corneal scar, corneal stromal dys-
trophy, Fuchs endothelial dystrophy, traumatic and chemical corneal opacity), graft 
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biomechanics did not return to average values even at 2-year follow up [36]. In 
2017, Jiang et  al. conducted a meta-analysis oncorneal biomechanical properties 
after penetrating keratoplasty (PK) or deep anterior lamellar keratoplasty (DALK) 
in a heterogenous cohort using the ORA; they suggested that both CH and CRF had 
better recovery after corneal transplantation with DALK than PK [37]. This may be 
due to discontinuity of Descemet’s membrane after PK. Descemet’s membrane has 
a greater stiffness than Bowman’s membrane. The thickness of Descemet’s mem-
brane increases with age from ∼3μm at birth to >10μm in old age [38].

After keratoplasty, the ocular rigidity will be affected. Looking at Eq. (25.4), two 
parameters may be potentially affected, i.e. the thickness of the transplanted cornea 
(T) as well as its elasticity or Young’s modulus (E). They both appear as numerators in 
the equation with a power of (1/3). If the cornea is thinner or more elastic, this will 
reduce the ocular rigidity. Conversely, if the cornea is thicker or stiffer, it will increase 
the ocular rigidity. The stiffness of the human cornea can increase by a factor of 
approximately two between the ages of 20 and 100 years [39]. The Young’s modulus 
of the donor cornea may vary depending on the age of the donor. Long- term follow 
longitudinal studies have shown an increase in corneal thickness after PK at 20 years 
compared to 2 years after transplantation [40]. Corneal thickness > 600μm at 1 year 
has been shown to be a predictor of graft failure [41]. The increase in corneal thickness 
in the postoperative period was found to be higher for corneas preserved in McCarey-
Kaufman medium compared with the corneas preserved in organ culture [40].

Endothelial keratoplasty is a corneal transplant technique that is the preferred 
way to restore vision in endothelial layer disorders such as Fuchs’ dystrophy, bul-
lous keratopathy, and iridocorneal endothelial syndrome. Descemet’s Membrane 
Endothelial Keratoplasty (DMEK) and Descemet’s Stripping Endothelial 
Keratoplasty (DSEK) are types of endothelial keratoplasties that selectively replace 
the diseased endothelial layer and Descemet’s membrane, leaving the remaining 
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Fig. 25.8 Schematic of the different corneal transplantation surgeries. Recipient cornea shown in 
dark blue and donor cornea shown in red
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healthy corneal layers intact. In DSEK, transplanted tissue is approximately 
100–200 microns thick which is 20–30% of the donor cornea, and in DMEK, an 
ultra-thin 5% endothelium/Descemet’s membrane of donor cornea is transplanted. 
Thus, DSEK results in an overall increased corneal thickness compared to DMEK 
and hence greater ocular rigidity, according to Eq. (25.4). Studies have shown a 
long-term increase in recipient corneal thickness in DSEK patients up to 36 months 
post-transplant [42]. CH and CRF were significantly lower in patients who received 
DSAEK for bullous keratopathy (7.79 ± 2.0 and 7.88 ± 1.74 mmHg, respectively) 
as compared to the keratoconus patients who received PK (10.23  ±  2.07 and 
10.13 ± 2.22 mmHg, respectively) and DALK (9.64 ± 2.07 and 9.36 ± 2.09 mmHg, 
respectively) [35]. This is likely to be due to greater corneal thickness after 
DSEK. After DMEK, which reduces the corneal thickness, CH was significantly 
increased 6 months postoperatively (8.66  ±  2.50  mmHg) compared with pre- 
operative baseline (7.43 ± 1.56 mmHg). Pre-operative CRF (7.89 ± 1.68 mmHg) 
increased significantly 6 months after DMEK (8.49 ± 1.71 mmHg). Pre-operative 
central corneal thickness showed a significant decrease from 629  ±  58μm to 
550 ± 40μm after 3 months and 535 ± 40μm after 6 months post-operatively [43].

Eyes with low scleral rigidity, such as paediatric or enlarged thinned eyes such as 
myopia cases, are predisposed to globe collapse during penetrating keratoplasty. A 
scleral fixation ring such as a Flieringa ring (or a double Flieringa ring) or the 
Goldman scleral fixation ring and blepharostat should be used to stabilise the globe. 
The younger the child, the more pliable and less rigid the tissue, the more difficult 
it is to handle the tissue and suture. Furthermore, higher posterior pressure can 
cause forward displacement of the lens-iris diaphragm, increasing the risk of iris 
prolapse, lens extrusion, and suprachoroidal haemorrhage. Positioning of the patient 
with the head higher than the rest of the body can help to reduce this pressure. Pre- 
operative ocular massage or use of the Honan balloon can reduce the risk of high 
posterior pressure and retrobulbar blocks should be avoided where possible.

 Glaucoma Surgery

Glaucomatous eyes have thinner CCT, lower CH and CRF than in healthy eyes, and 
the reduction of CH and CRF is associated with an increased severity of glaucoma-
tous damage. Thinner corneas were associated with glaucomatous damage in terms 
of cup disc ratio [44]. Studies suggest central corneal thickness should be consid-
ered in determining the risk of glaucoma conversion in patients with ocular hyper-
tension [45]. However, CH was associated with glaucomatous visual field 
progression [44] and a CH cut off value of less than 10.1 mmHg has been suggested 
as part of the clinical assessment for glaucoma [16]. The CH has a significant effect 
on rates of visual field progression over time. Each 1 mmHg lower CH was associ-
ated with a 0.25% per year faster rate of visual field indices decline over time. A 
multivariable model showed that the effect of IOP on rates of progression depended 
on CH. Eyes with high IOP and low CH were at increased risk for having fast rates 
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of disease progression [46]. Low CH may be associated with less rigidity of the eye 
coat including the lamina cribrosa, and thus more damage to the lamina cribosa for 
a given intraocular pressure. In the case of differential ocular rigidity, with sclera 
more compliant under high IOP than the lamina cribosa, the sclera expands which 
would stretch the lamina cribosa.

For higher scleral ocular rigidity with a less rigid lamina, the sclera is stiffer with 
little deformation under IOP allowing the less rigid lamina cribosa to displace pos-
teriorly under the effect of high IOP (see Fig. 25.9) [47]. Experimental cross-linking 
of just the sclera to strengthen it, without cross-linking the lamina cribosa (the cross 
linking process is potentially toxic to the lamina cells and axons), results in more 
damage to the lamina cribosa and retinal ganglion axons for a set of  intraocular 
pressure [48].

 Trabeculectomy is a glaucoma filtering surgical procedure that aims to lower the 
intraocular pressure by creating an ostium into the anterior chamber from under-
neath a partial thickness scleral flap. Important considerations to control aqueous 
outflow from the scleral flap are flap construction, suture placement and type of 
suture. Partial thickness rectangular flaps can be difficult to achieve in myopic or 
paediatric eyes due to thin and more elastic sclera respectively. Titration of IOP can 
be achieved with use of releasable sutures. There is the possible weakening of ocu-
lar walls reducing ocular rigidity however this may be counteracted by the healing 
process and degree of fibrotic tissue deposition. CH is dynamic and may increase in 
eyes after IOP-lowering surgical interventions. In a prospective comparative case 
series, CH  was assessed before and 3  months after trabeculectomy, phaco- 
trabeculectomy and Ahmed glaucoma value implantation [49]. Corneal hysteresis 
significantly increased after 3 months following all three types of glaucoma surger-
ies (P <  0.001). Postoperative corneal hysteresis increase in glaucomatous eyes was 
more significant when IOP was reduced by >10 mmHg [49].

Following augmented trabeculectomy with mitomycin-C (MMC), CH and CRF 
increased in patients with primary open angle glaucoma (POAG) and pseudoexfo-
liation (PXG) [50]. Corneal structural tissue properties may be altered in the imme-
diate post-operative period and, therefore, the accuracy of IOP measurements is 
changed. However, after 6 months follow-up there does not appear to be changes in 
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corneal biomechanical properties that cannot be explained by the reduction in IOP 
[51]. The increase observed in corneal hysteresis is due to the IOP-lowering effect 
of the surgery.

Glaucoma often is asymmetrical and in paediatric eyes changes in corneal diam-
eter can differ between the two eyes. The change in corneal diameter will lead to 
eyes of different ocular rigidity equation following Eq. (25.4) with larger corneal 
diameter being associated with lower ocular rigidity. In congenital glaucoma 
when changes are unilateral the eye can enlarge front to back but in megalocor-
nea (large corneas only), enlargement of the corneas is symmetrical and bilateral. 
Challenges are encountered when operating in paediatric cases due to differences in 
ocular biomechanics when compared to adults. Children have lower scleral rigidity 
and are therefore at risk of intraoperative positive vitreous pressure which results in 
the forward movement of the lens-iris diaphragm. Large eyes in children with con-
genital glaucoma (called Buphthalmic eyes after the size of cows eyes) have low 
scleral rigidity and are predisposed to surgical complications related to low IOP, 
such as anterior chamber collapse, maculopathy, choroidal effusion, suprachoroidal 
haemorrhage, and phthisis. Procedure-specific difficulties may also be encountered. 
Modifications to the surgical procedure can be taken to mitigate against these risks. 
When fashioning a scleral flap in elastic, myopic or buphthalmic eyes, care is taken 
to avoid overly thin flaps which can cause early hypotony. The trabeculectomy flap 
needs to be correctly positioned. A rectangular flap with small side incisions to 
ensure posterior outflow and prevent deleterious reduction in ocular rigidity, and a 
more corneal component would reduce the dependence on the softer scleral tissues. 
An excessively large sclerostomy should also be avoided as it reduces the rigidity of 
the surrounding tissues, and hence increases the potential risk of leaks. When sutur-
ing the scleral flap, care is taken to avoid cheese-wiring through the delicate thin 
tissue and to adequately seal the aqueous outflow of the trabeculectomy. An anterior 
chamber maintainer is used to minimise intraoperative hypotony and also to facili-
tate the accurate judgement of flow through the scleral flap, by in part maintaining 
overall globe rigidity. In very soft or thin eyes tissue flaps may need to be avoided 
and tubes with flow control inserted instead which avoids reliance on tissue rigid-
ity to maintain controlled flow. 

The impact of ocular rigidity on the geometrical construction of the scleral flap 
is shown in Fig.  25.10. Schematic of scleral flaps are shown in Fig.  25.10a and 
deflections of scleral flap associated to increasing ocular rigidity simulated at a 
constant pressure in Fig. 25.10b. Deflections of the flap have been normalised by the 
same value across all simulations. It can be shown that for higher ocular rigidity, the 
scleral flap deflection is reduced compared to lower ocular rigidity. To miti-
gate against large scleral flap deflection and excessive leakage in cases of low ocular 
rigidity shortening the length of the side incision should be considered to reduce the 
deflection of the scleral flap.

In very soft on thin eyes tissue flaps may need to avoided altogether and a glau-
coma drainage device used (typcially a microtube usually attached to a spacer plate 
to keep tissues open). This avoids the relaince on a soft tissue flap to maintain resis-
tance. However other problems related to rigidity may occur. During early child-
hood, the elastic nature of the eye and low ocular rigidity makes glaucoma drainage 

Y. Bouremel et al.



351

device (GDD) positioning problematic. Low ocular rigidity shown in Fig. 25.7 is 
associated with higher stress and therefore higher tissue strain. In such cases patients 
are more predisposed to tube migration as the tissue is under more stress and leak-
age around the scleral tunnel of a glaucoma drainage device tube. Despite restric-
tion of aqueous flow through the GDD, hypotony may still occur unless a watertight 
tunnel into the anterior chamber is achieved. A tight tunnel with tube sizes used with 
the Molteno, Ahmed and Baerveldt tube can be achieved with a 25-gauge needle 
(orange in UK) rather than larger needle sizes. Myopic eyes with low ocular rigidity 
and thinner sclera are at risk of tube exposure. Like in paediatric cases this risk can 
be reduced by constructing a long tunnel or a tunnel at least 1–2 mm from the lim-
bus and covering the tube with a patch graft. Patch graft material that can be used 
include sclera, cornea, pericardium, thick amniotic membrane or dura mater.

Deep Sclerectomy (DS) is a non-penetrating surgical procedure for the treatment 
of open angle glaucoma. The technique was developed to improve the safety of 
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Reduction of side incision (length)

Increase of ocular rigidity, K
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Low ocular rigidity
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Fig. 25.10 Schematic of trabeculectomy flap in high and low ocular rigidities. The length of the 
side incisions is shortened to prevent gaping of the flap in less rigid eyes. Simulations showing 
scleral flap deflections for different ocular rigidities (a) and length of flap side incisions depicted 
by dotted red line (b). All simulations have been obtained at the same pressure
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glaucoma surgery. Following DS, the aqueous outflow is enhanced by removing the 
inner wall of Schlemm’s canal and juxta-canalicular trabecular meshwork, the 
structures responsible for most of the outflow resistance in open angle glaucoma. In 
this procedure a trabeculo-Descemet’s membrane is left intact to control aqueous 
outflow through the filtration site. This controlled pressure reduction is responsible 
for a better safety profile of DS in terms of hypotony. Corneal hysteresis increased 
significantly after deep sclerotomy at 3 months and 6 months follow-up [52, 53]. At 
3 months follow-up, mean corneal compensated intraocular pressure significantly 
decreased by 27.9% and mean Goldmann-correlated IOP decreased by 30.52%. 
Mean CH increased and CRF decreased by 18.4% and 10.1%, respectively. Corneal 
hysteresis increased and CRF decreased significantly 3  months after DS.  In this 
study corneal resistance factor was the single largest preoperative factor influencing 
cupping reversal changes. Postoperative IOP reduction was the only independent 
factor influencing changes observed in the optic nerve head after surgery. 
Undermining of the flap and removal of significant amounts of sclera also reduces 
the underlying rigidity of the tissue and makes it harder to secure the flap and restrict 
flow if the remaining meshwork resistance is accidentally perforated. This would 
increase the chance of hypotony in this circumstance.

 Laser Trabeculoplasty

Selective laser trabeculoplasty does not change corneal biomechanical properties as 
measured with the ORA in already pre-treated patients with glaucoma. The mea-
sured increase in CH and decrease in CRF can be solely explained by IOP reduction 
[54, 55].

 Strabismus Surgery

Extraocular muscle surgery in patients in their second to third decade, increased the 
postoperative CH and CRF [56]. Since the stiffness of the tissue (Young’s Modulus) 
increases with age and hence the ocular rigidity following Eq. (25.4), the effect of 
strabismus surgery on ocular structures may be variable between paediatric and 
adult patients. Weakening muscle procedures such as recti recession or inferior 
oblique muscle weakening had a greater effect on overall corneal biomechanics. 
Weakening muscle procedures were associated with a mean CH increase up to 4 
weeks post-operatively. The release of forces from the yielding effect of weakening 
procedures could propagate along the ocular wall to the corneal tissue. It remains 
unclear if the change in CH is only temporary.
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 Scleral Buckling

Scleral buckles help in several ways to counteract the forces that tend to detach the 
retina. Indentation of the eye wall produced by the scleral buckle can decrease vitre-
ous traction on the retinal tear in rhegmatogenous retinal detachment. Absorbable 
and nonabsorbable materials has been used to manufacture the scleral buckles. 
Absorbable buckles suffer from the problem that reabsorption of the implant reduces 
the buckling effect. Historically, polyethylene tubing was commonly used for non- 
absorbable encircling scleral implants. However, such devices tend to erode the 
underlying sclera and choroid with time. The use of softer silicones and silicone 
sponges has overcome the problems of erosion, and offers the advantage of the for-
mation of a tough fibrous capsule around the implant, which both strengthens 
the sclera.

Buckled eyes were significantly less rigid than unbuckled eyes, and eyes with 
higher buckles were significantly less rigid (lower ocular rigidity) than those with 
shallower buckles. Changes in rigidity are secondary to changes in the shape and the 
distribution of stress in the scleral shell; they are related to the elasticity of the encir-
cling element only partially [57]. Greater volumes of vitreous substitutes, gases, or 
antibiotics may be injected into buckled eyes compared with unbuckled eyes before 
excessive intraocular pressures are reached [57]. In a different study of enucleated 
human eyes, a marked reduction in ocular rigidity during buckling was achieved by 
encircling silicone elements, permitting buckled eyes to tolerate volume changes 
several times greater than those tolerated by nonbuckled eyes [58]. While this may 
be counter-intuitive as the eye diameter is locally reduced that ocular rigidity 
decreases, it may  follow Eq. (25.4). Indeed, if the one part of the eye is locally 
reduced with the buckling, the other part of the eye should be increased as shown in 
Fig. 25.11. According to Eq. (25.4), the ocular rigidity changes as R−10/3, indeed a 
small increase of the radius as shown in Fig. 25.11 will decrease the ocular rigidity.

Riazi et al. measured mean CRF and CH after scleral buckling with an ocular 
response analyser. CRF and CH measurements were significantly lower after scleral 
buckling with segmental sponge, but there was no significant change with encircling 
band [59]. Also, no significant change in IOPg and IOPcc postoperatively was 
observed. Lower CH measurements observed in the scleral sponge group could be 
due to localised scleral fibrosis at the site of the device. However, the time at 

Radius

Fig. 25.11 Schematic of 
scleral buckling showing 
globe before (a) and after 
(b) buckling. After 
buckling, the eye elongates 
with an increase axial 
length and wider radius on 
either side of the buckle
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measurements were taken in relation to the surgery was not reported. It is in keeping 
with the sentiment that CH and CRF may measure different biomechanical aspects 
of anterior segment ocular rigidity and are likely to be useful additional measure-
ments in the assessment of ocular rigidity when measuring IOP. Corneal hysteresis 
may actually act more like a surrogate marker for the biomechanical properties of 
tissues in the back of the eye. Thus, a buckled eye may be less sensitive to optic 
nerve damage to IOP fluctuations because it is less rigid (lower ocular rigidity). This 
observation may be concordant with the protective effects of high CH and explain 
why no significant change in CH in the encircling band group compared to the con-
trol group, while the scleral sponge group demonstrated a significant reduction in 
CH after surgery which can be attributed to the absence of the buffering effect of the 
encircling element [59].

Corneal biomechanical changes are observed after scleral buckling. CH decreased 
significantly at 1 month after combined PPV and encircling scleral buckle and CH 
did not change after PPV alone [60]. No change in corneal viscoelastic properties 
after 23G transconjunctival suture-less vitrectomy [61]. CRF did not change signifi-
cantly after surgery in both groups. IOPg and IOPcc increased significantly in the 
PPV/SB group (p  =  0.019 and p  =  0.010, respectively) but not in PPV group 

Table 25.1 Summary of patient, medication and surgical factors likely to impact overall ocular 
rigidity and engineering parameters defined in Eq. (25.4)

Patient factors

Likely change of
engineering 
parameter

Potential effect on 
ocular rigidity Reference(s)

Older age E↑ ↑ [62, 63]
Ethnicity of African ancestry ? E↑ ? ↑ [63]
Increasing axial length R↑ ↓ [64]
Megalocornea R↑ ↓ [65]
Buphthalmos R↑ ↓ [66]
Aphakia – ↓ [67]
Connective tissue disorders
e.g. osteogenesis imperfecta, 
Marfan’s syndrome

E↓ ↓ [68]

Longstanding primary open 
angle glaucoma

E↑ ↑ [62, 69]

Age-related macular degeneration – ?↔ [70]
Keratoconus T↓ ↓ [71]
Penetrating ocular trauma R↓ ↓ due to loss of 

volume
[72]

Medication factors
Pilocarpine E↓ ↓ [73]
Latanoprost E↓ ↓ [74]
Surgical factors
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(p = 0.715 and p = 0.273, respectively). Unlike the PPV group, values were signifi-
cantly higher than IOPg values before (p = 0.001) and after surgery (p = 0.003) in 
the PPV/SB group IOPcc. Neither the PPV/SB group nor the PPV group showed 
any significant changes in the corneal morphological parameters after surgery 
(p > 0.05) [60]. Encircling scleral buckling surgery leads to a change in corneal 
biomechanics. It may cause an underestimation error in IOP measurement. 
Table 25.1 below summarises the potential effect of various patient factors on engi-
neering parameters and ocular rigidity (OR).
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