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Assessment of Corneal Shape

The anterior cornea is the major refractive surface of the eye, responsible for over
two-thirds of its total dioptric power. Therefore very small changes in corneal shape
can have a dramatic effect on the clarity with which an image is focused on the
retina. As patients and surgeons strive to optimise the optical outcome of corneal
disease and surgery, it has become increasingly important that the shape of the ante-
rior corneal surface can be measured accurately.

Topography is the science of describing or representing the features of a particu-
lar place in detail. Over the last four centuries, new techniques for studying corneal
topography have been developed in response to continually changing clinical
demands.

History of Corneal Topography

With the advent of widespread refractive correction at the beginning of the seven-
teenth century, interest developed in the shape of the cornea and the optical proper-
ties of the eye. Early investigations of corneal topography were confined to gross
estimates of corneal curvature (Fig. 1.1).

In 1619, Scheiner made the first measurements of corneal shape [1]. He held up
a series of convex mirrors of different curvatures next to the eye, until he found one
which gave an image of the same size as the image from the cornea.

In the 1820s, Cuignet developed a keratoscope through which he observed the
reflected image of an illuminated target held in front of the patient’s cornea. His
major problem was in the alignment of the light, target and observer with the
patient’s visual axis. This was overcome in 1882 by Placido, who placed an obser-
vation hole in the centre of the target [2]. His target was a disc bearing alternating
black and white concentric rings; and this pattern still forms the basis of many
topography systems today.

Quantification of corneal curvature became possible in 1854 with the develop-
ment of the keratometer (ophthalmometer) by Helmholtz [3]. The distance between

© Springer Nature Switzerland AG 2019 3
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Fig. 1.1 Development of corneal topography. Changing clinical demands have driven the devel-
opment of new techniques and methods of measurement

two pairs of reflected points gave the spherocylindrical curvature of the central
3 mm of the cornea, in two meridians. In order to increase the area of the cornea
analysed, Javal (1889) attached a Placido-type disc to his keratometer. Its telescopic
eyepiece gave him the additional benefit of a magnified keratoscopy image. He
realised the need to “fix” the image and measure the size of the rings, but this was
not practical until Gullstrand (1896) applied photography to keratoscopy (photo-
keratoscopy). Numerous attempts were made to quantify keratographs by compari-
son with photographs of spheres of known radius, but all techniques were laborious
and time-consuming.

Little progress was then made in corneal topography until the middle of this
century, when interest was rekindled by the introduction of contact lenses. Contact
lens fitting requires knowledge of the curvature of the midperipheral cornea. The
keratometer could provide this information for relatively normal corneas with only
regular astigmatism and is still suitable for contact lens fitting in uncomplicated
cases today.

With the development of microsurgical techniques for cataract extraction, cor-
neal grafting and incisional refractive surgery, interest turned to the optical power
provided by the cornea. Measurements of cornea curvature can be converted to
dioptric power using the standard keratometric index.

As the visual results of these procedures have improved, fine-tuning of the refrac-
tive outcome has become increasingly important. It became necessary to develop
means of assessing the topography of the whole corneal surface with great detail
and accuracy. Photokeratoscopy provided qualitative information about a large area
of the cornea, but it was only as a result of developments in computing that quantita-
tive analysis of these images could be performed using videokeratoscopy. Several
devices were developed based on the principle of projection rather than reflection to
generate true height data, but in practice, mainly those using Scheimpflug technol-
ogy are in general use.
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The explosion of refractive surgery has also opened up new avenues for the
development of topographic systems such as Scheimpflug camera-based systems,
which permit a detailed examination of the anterior and posterior corneal surface as
well as other anterior chamber parameters (see Chap. 4) [4, 5].

An understanding of how corneal topography has developed so far helps to
explain the nature of current topography systems today [6—8] and sets the scene for
how further progress may occur in the future.

Description of Corneal Shape

There are several ways in which the shape of the cornea can be measured and rep-
resented [9-12]. Each has its own advantages, and the use of the most appropriate
method for a given clinical situation can enhance the presentation and interpretation
of results. Examples using these methods are given throughout the book.

Corneal Height or Elevation

The fundamental way of describing any surface mathematically is to define the
distance of each of its points from a reference plane. On a geographical map, the
surface of the land is expressed as “height above sea level”. For the cornea there is
no standard position for the reference plane, so this is usually set arbitrarily at the
corneal apex or a level near the limbus. The actual position of the reference plane
used is of no importance because it does not affect the relative positions of points on
the surface.

Data measured in terms of height or elevation (or sometimes depth) from a refer-
ence plane describes the true shape of the corneal surface. This is particularly valu-
able in corneal disease and in excimer laser surgery where the outcome is determined
by the depth of tissue removed and replaced. Once the true shape has been mea-
sured, slope, curvature and power can be calculated from it (Fig. 1.2c).

Surface Slope

The slope of a curved surface is the gradient of the tangent at a particular point
(Fig. 1.2d). Mathematically, the slope is the first differential of a curve. Therefore it
is a more sensitive way of demonstrating small changes in height between two
points on a surface.

Radius of Curvature

For the cornea, an alternative way of expressing slope is as radius of curvature
(Fig. 1.2e). Slope (a) can be converted to radius of curvature (r) by the equation:



6 1 Assessment of Corneal Shape

a Projection-based b Reflection-based
topography systems topography systems
eg: Rasterstereography eg: Keratometry
Laser interferometry Photokeratoscopy
Moiré interference Videokeratoscopy

e Radius of curvature
Global/axial/sagittal Local/instantaneous/tangential

c
X Y < ; Y
,l,er &

Standard keratometric
index (SKI)

I,

f  Dioptric power

=

<D

Fig. 1.2 Data measurement and presentation by various corneal topography systems. This is
shown for two points X and Y, which lie at the same height on opposite semimeridians of an asym-
metric cornea (such as keratoconus). In projection-based systems (a), an object (0) is projected
onto the surface of the cornea to produce an image (I), from which the true shape of the cornea can
be measured in terms of height (%) or elevation, above a reference plane (c). These data can then be
used to calculate surface slope, curvature and power. Reflection-based systems (b) view the first
Purkinje image formed behind the cornea and calculate the slope (at angles a and /) of the corneal
surface (d) and then the curvature and power. Slope cannot be converted to height without addi-
tional measurements and certain assumptions being made. Radius of curvature (e) can be calcu-
lated either globally or locally. Global or axial radius of curvature is the perpendicular distance (r)
from the tangent at a point to the visual axis. The accuracy of these measurements decreases in the
periphery. The local or tangential radius of curvature applies to the sphere that best fits the shape
of a small area surrounding each point. Accuracy is better maintained from the centre (point C) to
the periphery (points X and Y). Radius of curvature can be converted to dioptric power using the
standard keratometric index, but this makes a number of assumptions. Dioptric power (f) is a mea-
sure of the cornea’s ability to refract light by acting as a convex lens of focal length f (power is
inversely proportional to focal length)
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Fig. 1.3 Corneal slope Normal Slope
and radius of curvature. A

point on the corneal

surface is located at

distance d from the axis.

The corneal slope at this

point is at angle o, and the

line perpendicular to it is

normal. The radius of

curvature (r) is the distance

along the normal from the

corneal surface to its Axis
intersection with the axis,
which is given by d/cos a.
This is the global/axial/
sagittal radius of curvature
(Fig. 1.2e)

r=d/cosa

where d is the distance from the corneal centre (cos 0° = 0; cos 60° = 0.5; cos 90° =
1) (Fig. 1.3). Corneas with a steep surface slope have a small radius of curvature,
whereas those which are flatter have a relatively large radius of curvature. This for-
mat is particularly useful for certain applications, such as contact lens fitting.

Radius of curvature can be calculated by two means: global (axial, sagittal)
radius of curvature was used initially, but more recently local (instantaneous, tan-
gential) radius of curvature has been found to be more appropriate in some situa-
tions [13, 14]. Each type of measurement of radius of curvature can be converted to
the equivalent type of power measurement (i.e. global power or local power), with
similar advantages and disadvantages [15, 16].

Global (Axial/Sagittal) Radius of Curvature

Global radius of curvature calculates the curvature of the cornea radially at points
along each of the meridians. It measures the perpendicular distance from the tangent
at a point to the optical axis. These algorithms have a spherical bias because each
measurement is related to the optical axis.

Local (Instantaneous/Tangential) Radius of Curvature

Local radius of curvature calculates the curvature at each point with respect to its
neighbouring points, by fitting the best-fit sphere. Results have less spherical bias
because curvature is calculated for individual small groups of points without refer-
ence to the visual axis or the overall shape of the cornea. Therefore there is greater
accuracy in the periphery of the cornea and better representation of local irregulari-
ties [13].
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Corneal Power

Power is a measure of the refractive effect of a lens. For optical lenses, measure-
ments of radius of curvature (r, in metres) can be converted to power (P, in dioptres)
(Fig. 1.2f) using the formula:

P=(n,—n)/r

where n, is the refractive index of the first medium (in the case of the anterior
corneal surface, air = 1) and n, is the refractive index of the second medium (in
this case, cornea = 1.376). The same formula would also apply to the posterior
corneal surface. However, the curvature of the posterior corneal surface is not
easy tomeasure [17, 18]. Therefore, the standard keratometric index (SKI=1.3375)
is an approximation used in the conversion from curvature to power, to take
account of both surfaces of the cornea [19, 20]. However, if the cornea is unusu-
ally thick or thin, estimates of its posterior curvature are poor [21]. Additional
inaccuracies are derived from the fact that the exact refractive indices of the cor-
nea and its constituent layers are unknown [22]. Therefore, for corneal topogra-
phy, using the SKI:

P=03375/r

but it must be remembered that the radius of curvature in this equation is expressed
in metres. Curvatures given in millimetres must be divided by 1000 before being
entered in the equation. Therefore this becomes:

P(in diopteres ) =337.5/ R (inmm).

Corneal power is a useful way of representing the refractive effect of the cornea in
patients undergoing corneal or refractive surgery. However, it is the least accurate
way of describing corneal shape due to the assumptions made during its derivation
(Table 1.1) [21-25]. Therefore, when maximum accuracy is required, for example,
when calculating the power of an intraocular lens, radius of curvature should be
used.

Table 1.1 Inaccuracies generated by the conversion of radius of curvature to power

Assumptions made in converting radius of curvature to

power Effects

Conversion formula assumes spherical optics Inaccurate outside the central cornea

SKI assumes the curvature of the posterior cornea to Inaccurate for very steep or very flat

be normal corneas (e.g. high myopia or high
hyperopia)

SKI assumes the cornea to be of normal thickness Inaccurate following excimer laser
photorefractive keratectomy or
epikeratophakia

SKI assumes that the refractive index of the cornea is Inaccurate in certain situations, such

uniform and fails to recognise the differing refractive as following refractive surgery

properties of the epithelium and stroma

SKI standard keratometric index
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Methods of Measurement

Methods for measuring corneal topography fall into two broad categories: those
which use the principle of reflection and those which use the principle of projection
(Chap. 3). The two techniques differ in the measurements they make.

Reflection-Based Methods

Many topography systems in clinical use today are based on the principle of reflec-
tion (Chap. 2). Examples include the Placido ring, keratometer and videokerato-
scopes (see Chap. 2). They measure the slope of the corneal surface and can use this
information to calculate radius of curvature and power (Fig. 1.2b). However, cor-
neal elevation cannot be calculated from measurements of slope alone. The slope
provides information about the gradient of a particular point at location (x, y), but it
does not determine the elevation of that point in the z-axis. Therefore true corneal
shape cannot be reconstructed from measurements obtained by reflection alone,
without making many assumptions [26-28].

Projection-Based Methods

Many of the topography systems in clinical use today are based on the principle of
projection. Examples include devices utilising the Scheimpflug principle, slit pho-
tography, rasterstereography, moiré interference and laser interferometry (Chaps. 3
and 4). They directly measure true corneal shape in terms of elevation, from which
slope, curvature and power can be calculated (Fig. 1.2a) [29, 30].

Applications of Corneal Topography

Corneal topography has applications in both clinical practice and research. It is non-
invasive and easy to perform, and therefore measurements can be obtained in almost
any patient. However, when such a technique is used in clinical practice, it is impor-
tant to be more critical of the benefits it provides for the patient, the costs involved,
and whether more suitable alternatives are available [31, 32]. When deciding
whether to perform an investigation, the clinician must consider whether the results
are likely to improve patient management.

Table 1.2 outlines when corneal topography is valuable in clinical practice and
distinguishes the situations when other examination techniques are sufficient [33].
It also provides examples of the many ways in which corneal topography can assist
research. Each of these applications is described and illustrated in later chapters.

The Normal Cornea and Corneal Disease

Corneal topography has been used to quantify the shape of the normal cornea and
improve our understanding of the relationships between anatomy and visual
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Table 1.2 Indications for corneal topography in clinical practice and research

Other techniques sufficient,
e.g. keratometry, refraction,

Clinical indications for

Examples of use of

Situation slit lamp corneal topography topography in research
Normal Screening Determine shape
cornea Correlate visual
function
Contact Fitting in simple cases Fitting in complex cases | Effect of lenses on the
lenses Detection of warpage | cornea
Corneal Routine diagnosis Monitoring Optical effects
disease Routine follow-up Effect on visual
function
Subclinical detection
Genetic screening
Cataract Simple cases Complex cases Quantification for
surgery clinical trials
Planning incision Planning incision Incision architecture
IOL calculation IOL calculation Factors determining
Suture removal Suture removal outcome
Investigation of poor
outcome
Corneal Routine follow-up Assessment of Quantification for
graft surgery regularity clinical trials
Suture removal Factors determining
Contact lens fitting outcome
Refractive Routine follow-up Preoperative screening | Quantification for
surgery clinical trials

Planning incisions

Understand side effects

Documentation of
surgery performed

Optical quality
postoperatively

Investigation of poor
outcome

Discussion with
patients

Monitor healing

function (Chap. 6). The technique is sufficiently sensitive to diagnose corneal shape
anomalies, such as keratoconus, at an early stage [34]. This is helpful in the man-
agement and treatment of patients, the identification of affected family members for
genetic studies, and in screening prior to refractive surgery. Corneal disease pro-
cesses can be monitored by comparison of serial measurements, and their effects on
vision can be better understood (Chaps. 8, 9 and 10).

Contact Lens Fitting

Contact lens fitting can adequately be performed using keratometry in the majority
of patients, but in complex cases a knowledge of the shape of the whole cornea is
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useful. Detailed analysis of corneal topography in contact lens wearers has corre-
lated corneal warpage patterns with the resting position of a hard lens and has dem-
onstrated that warpage resolution times can be far longer than previously expected
(Chap. 7).

Corneal and Refractive Surgery

An important role for corneal topography is in the expanding field of corneal, cata-
ract and laser refractive surgery (Chaps. 12, 13 and 14). Preoperatively, knowledge
of the topography of an individual cornea is of benefit when planning incisional
surgery and can also be used to calculate the power of intraocular lens required in
cataract surgery. Postoperatively, detailed information about the outcome of any
refractive procedure can be quantified for clinical trials, for example, the optical
quality and centration of the correction and its long-term stability. Corneal topogra-
phy may explain unexpected results, by demonstrating a multifocal central corneal
contour following radial keratotomy or a decentred treatment zone after LASIK,
LASEK and PRK. It can help our understanding of side effects and guide the
manipulation or removal of sutures after corneal surgery. Colour-coded maps are
also a useful aid when discussing with patients their surgical procedures or postop-
erative outcome.

Suitability of Topography Systems

When any measuring equipment is under development, there is a tendency to strive
to maximise the quantity, accuracy and complexity of the information it provides.
This is ideal for those systems which are to be used primarily for research. However,
in clinical practice, the resulting increase in size, expense and examination times
may be unacceptable.

When a clinical department wants to purchase a corneal topography system, it
must first consider how it will be used. It must also evaluate the benefits and cost of
a new system over those it already possesses (such as slit lamp examination, refrac-
tion and keratometry) [6, 7]. Likewise, those developing topography systems need
to consider what is required and how it can best be provided.

Not all applications of topography have the same requirements, so should differ-
ent types of systems be developed, or should all systems be adequate for all applica-
tions? Different groups of operators may also vary in their requirements, depending
on their case mix and aims of treatment. The needs of technicians, optometrists,
corneal physicians and refractive surgeons will be different. Therefore each indi-
vidual operator has to consider what they want from corneal topography.

Table 1.3 outlines some of the variables which relate to the situation in which
measurements are made, the nature of the cornea, the types of measurement and the
use of the information obtained. It also lists the different options which topography
systems can provide to meet the variety of requirements.
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Table 1.3 Suitability of topography systems

Considerations Variables Options
Situation Patient cooperation Need for fixation target or not
Outreach clinics Slit lamp-mounted
Intraoperative Microscope-mounted
Speed of operation Portable
Real-time information
Cornea Area Reflection- or projection-based
systems
Trregularity Cornea only or including limbus
Reflectivity
Range of curvatures
Measurements Type of data Height, slope, curvature or power

Location of most data points

Central weighting or uniform
distribution

Number of data points

Short or lengthy processing

Accuracy and reproducibility

Clinical or research

Presentation and
use

Display to patient, clinician or
meetings

2D or 3D colour maps

Single or multiple patients

Statistical indices

Preoperative assessment

Surgical nomograms

Integration in to surgical equipment Neural networks

or lasers

Tailor-made software

The most appropriate style of topography machine depends upon the nature of the situations and
the corneas to which it will be applied, the type of measurements required and how the results will
be used

Situation

Most topography systems available commercially today are relatively large
machines and require the patient to sit at a slit lamp and fixate a target. The portable
systems now appearing on the market can be used in debilitated patients, at the
extremes of age and in outreach clinics [29]. Videokeratoscopes depend upon accu-
rate fixation by the patient, but in projection-based systems, this is less important.

Hand-held keratoscopes can be used during surgery, but most are not computer-
ised [36]. Ideally, intraoperative topography requires real-time analysis, so the
effect of each manoeuvre on corneal shape can be seen as it happens [37]. This will
require data processing to occur almost instantaneously.

Cornea

Some systems can measure relatively normal corneas very accurately, whereas others
are better at imaging irregular corneas. Devices with relatively few data points (e.g.
keratometry) or those that make assumptions based on normal data (e.g. Scheimpflug)
are best used on relatively normal corneas [38, 39]. However, projection-based
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systems making more direct measurements from multiple corneal points can be used
accurately for both regular and irregular corneas. Systems where the original image
can be viewed (e.g. videokeratoscopes) enable the operator to assess the quality of the
data provided. The peripheral cornea is also better assessed by projection-based tech-
niques that do not rely upon the optical axis for their calculations [39].

Measurements

Different applications require different information. Measurements of corneal
height can only be made using a projection-based system, whereas curvature and
power can be provided by any system.

The accuracy and reproducibility of the measurements are partly dependent upon
the number of data points and the sophistication of the machine [40]. However, the
accuracy required in clinical practice is usually only just higher than that which is
clinically detectable. If the number of data points can be reduced, the speed of
image processing improves. The most efficient distribution of data points to provide
information about the optical effect of the cornea is with the majority of points
within the pupillary aperture.

Presentation and Use

Coloured maps are a helpful means of presenting the results of individual patients.
If individual maps are summarised by mathematical indices, grouped data is then
amenable to statistical analysis. Numerous mathematical indices could be devised,
and consideration needs to be given as to which are most useful.

It is becoming possible for topography systems to contain artificial neural net-
works which can recognise topography patterns and objectively classify maps.
Software is being developed to integrate topographic information with surgical
equipment. In the future these will be used to control lasers for the treatment of
irregular astigmatism.

As topography equipment becomes more and more sophisticated to serve
research and specialist surgery, there is an increasing need for the parallel produc-
tion of smaller, cheaper devices which are suitable for use in general clinics.
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Videokeratoscopes

The first techniques in widespread clinical use for measuring corneal topography
were keratometry and then more recently photokeratoscopy and videokeratoscopy.
All these systems rely upon the principle of reflection and use the tear film on the
anterior corneal surface as a convex mirror.

These systems have largely been superseded in terms of accuracy by the develop-
ment of projection-based (Chap. 3) or Scheimpflug camera-based systems (Chap. 4).
They are included here so that the principles may be explained and discussed.

Optics of Convex Mirrors

The image formed by a convex mirror can be constructed using two rays: a ray par-
allel to the principal axis which is reflected away from the principal focus and a ray
from the top of the object passing towards the centre of curvature then back along
its own path (Fig. 2.1).

The magnification produced by a curved mirror is the ratio of the image size (/)
to the object size (0), and this is in turn proportional to the ratio of the distances of
the image (v) and the object (1) from the mirror:

Magnification = L =Y
O u
In practice, the image (/) is located very close to the focal point (F), which is half-
way between the centre of curvature of the mirror (C, at the principal focus) and the
mirror itself. Therefore v may be taken to be equal to half the radius of curvature of
the mirror (#/2). Substituting:

I=0><L
2u
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Fig. 2.1 Image formation by a convex mirror. Keratometry and keratoscopy utilise the property
of the anterior corneal surface to reflect light, forming a virtual erect image within the anterior
chamber. (O = object, I = image, F = focal point, C = centre of curvature of the cornea, u = dis-
tance of object from cornea, v = distance of image from cornea, r = radius of curvature of the
cornea)

It can therefore be seen that as the cornea becomes steeper and its radius of cur-
vature (r) becomes less, the image () also becomes smaller, and the topography
mires appear closer together.

In all keratometers, u is constant, being the focal distance of the viewing tele-
scope. Rearrangement of the equation:

r:2u><i
0]

shows that the radius of curvature is proportional to the image size if the object size
remains constant (von Helmholtz keratometer) or is inversely proportional to the
object size if this is varied to achieve a standard image size (Javal-Schigtz
keratometer).

Reflection from the Cornea

Reflection from the anterior wall of the eye occurs at the air-tear fluid interface
as opposed to the anterior surface of the cornea. This is not clinically important
in the majority of patients, as this is the site of greatest refraction of light rays.
However, it may need to be considered in cases of abnormal tear film thickness
or marked corneal irregularity. These systems based purely on reflection from
the anterior corneal surface have the advantage over Scheimpflug systems
(Chap. 4) that data is not degraded by opacities that are purely within the cor-
neal stroma [1]).

A light (mire) shone towards the cornea gives rise to a virtual erect image
located approximately 4.0 mm posterior to the anterior surface of the cornea, at
the level of the anterior lens capsule. This is the corneal light reflex, or first
Purkinje image, which is viewed during keratometry and keratoscopy. The size of
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this image can be used to quantify the curvature of the cornea: the steeper the
cornea (small radius of curvature), the more powerful a convex mirror it is, and
the smaller the image will be. By the same principles, any toricity (different radii
of curvature in different meridia) or irregularity of the corneal surface will cause
distortion of the image.

Analysis of a reflected image measures the slope of the corneal surface (marked
a in Fig. 2.1). However, no information is provided about the distance of that slope
from where it is being viewed (i.e. its position in the z-axis). Therefore the corneal
height (or elevation) cannot be measured directly.

Two further steps are required if corneal height is to be estimated. Firstly, addi-
tional measurements must be made, such as the height of the corneal apex above
a reference plane. Some videokeratoscopes do this using a side camera which
views the vertical profile of the cornea. Secondly, it must be assumed that the
corneal surface is a continuous curve with no steps. The arc step method works
radially from the centre to the periphery. It assumes that the slope at one point
remains constant over the intervening cornea, until the next point is reached.
Using these assumptions a reasonable estimate of true corneal shape can be made
in normal corneas. However, in abnormal or irregular corneas, projection-based
techniques are required.

Keratometry

The keratometer measures the distance between the images of two perpendicular
pairs of points reflected from a 3 mm annulus of paracentral cornea [1-3].

Table 2.1 Comparison of three corneal topography instruments dependent upon reflection

Computerised
Instruments Keratometer Photokeratoscope videokeratoscope
Examples Helmholtz, Corneoscope TMS, EyeSys
Javal-Schigtz
No. of points 4 Many 6000-11,000
Area Annulus of 3 mm 70% of surface 95% of surface
radius 9-11 mm diameter
Dioptric range 30-60D Infinite 8-110D
Focusing Superimposition/ Subjective focusing of | Overlap laser spots or
alignment of two mires | single image (difficult) | cross hairs (easy)
(casy)
Mires Four objects 12 rings 15-38 rings
Record Two numbers Still photography Stills from video
Method Measurement Observation Computer analysis
Topographic None Qualitative Quantitative
information
Accuracy Excellent (for spheres) | Poor Good
Sensitivity Moderate Low (3DC) 0.25D or better
Reproducibility | Excellent Moderate Good (0.50D)
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Keratometer Photokeratoscope Videokeratoscope

Fig. 2.2 Mires. Representation of the corneal area covered by the mires of the keratometer (two
perpendicular pairs of mires, A and B situated on the annulus approximately 3 mm in diameter),
photokeratoscope (12 rings) and computer-assisted videokeratoscope (25 rings)

Fig. 2.3 Keratometer. The
keratometer uses the
reflection of the orange and
green mires to measure the
curvature of a 3 mm
corneal annulus in two
perpendicular meridians

It only measures the curvature of the central cornea (Table 2.1) because the mires
are reflected from an annulus 2.6-3.7 mm in diameter, centred on the corneal apex
(Fig. 2.2). A pair of mires is first positioned in the steepest meridian and then at 90°
to it (Fig. 2.3). Therefore the surface curvature can only be expressed in terms of a
sphere and uniform cylinder (Table 2.2). In contrast, videokeratoscopes can measure
corneal curvature in more detail and over a much greater area (Figs. 2.4 and 2.5).

Keratometry measurements are highly accurate and reproducible for regular
spherocylindrical surfaces such as the paracentral area of the normal cornea [4]. The
equipment is relatively inexpensive, and it is used in the fitting of contact lenses,
calculation of the power of intraocular lenses [5—7] and identification of tight cor-
neal sutures for removal [8].

However, they are of only limited value for irregular corneas because the mire
reflections may be distorted and no information is provided about the corneal curva-
ture inside, outside or between the four reference points [9, 10]. Insufficient infor-
mation is provided for the management of complex cases or patients undergoing
refractive surgery (Table 2.3).
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Table 2.2 Assumptions made by the keratometer (K), photokeratoscope (P) and computer-
assisted videokeratoscope (V)

Assumptions K P |V
Corneal surface is spherocylindrical

+

Corneal surface is locally spherical +

Major and minor axes separated by 90°

Cornea is of uniform refractive index

Neglects corneal thickness

Neglects corneal position after refractive surgery

+ 4+

Correct corneal position and orientation

+ 4+ +
+ 4+

Light arising from one meridian on a particular mire falls on the same meridian at
the film plane
Centres of curvature for all reflecting points are on the optical axis +

+ = assumption made for that particular instrument

Fig. 2.4 Videokeratoscope.
The patient places his or
her chin and forehead on
the rest and fixates the
central target, whilst the
operator aligns the machine
with the corneal reflex

Fig.2.5 Videokeratoscopy
mires. The light cone of
videokeratoscopes
generates Placido-type
mires
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Table 2.3 Limitations of the keratometer (K), photokeratoscope (P) and computer-assisted video-
keratoscope (V)

Limitations K P

Examines air-tear film interface, not corneal surface + + +
No direct measurement of central cornea ++ ++

No direct measurement of peripheral cornea ++ +

Reduced sensitivity in peripheral cornea - - +
Very steep and very flat corneas +
Irregular corneas ++ +
Complex corneal changes ++ +
Assumptions of algorithms may not be valid + ++
Subjective interpretation of displayed data ++ +
+ = moderate limitation, ++ = severe limitation, — = not applicable
Photokeratoscopy

The benefits of photokeratoscopy over keratometry include the qualitative analysis
of a larger area of cornea and its use when the mires are distorted by surface irregu-
larities [11].

The mires most commonly take the form of Placido-type concentric rings
(Figs. 2.2 and 2.5), but arcs, parallel lines, interference fringes, steps and grids
can also be used. By convention the rings are numbered from the innermost
to the outermost, but it is important to state the diameter of a given ring as
this can vary between instruments. The images are recorded photographically
(Table 2.1).

Observation of the spacing and distortion of the rings gives a qualitative
analysis of the corneal topography. In areas of steep cornea, the images of the
mires are smaller, so the rings appear narrower and closer together. In the pres-
ence of regular astigmatism, the mires appear elliptical, with the short axis of
the ellipse corresponding to the meridian of corneal steepening and highest
power. Irregular astigmatism produces non-elliptical distortion of the mires
(Fig. 2.6).

Keratoscopes have been used during large incision cataract surgery and corneal
graft surgery with the aim of reducing postoperative astigmatism [2, 12] but were
found to be of limited value as they cannot detect less than 3DC and the corneal
shape attained at the end of surgery was not necessarily stable postoperatively. Poor
sensitivity can also occur in corneal disease, when the mires may look fairly regular
despite the presence of clinically significant topographic alterations. Furthermore,
the mires do not cover the central cornea, so information is limited in the most visu-
ally important area (Table 2.3). Keratoscopy may be of some use in the evaluation
of advanced keratoconus, high astigmatism and moderate irregularity, or the adjust-
ment of sutures; but most situations require a more sensitive, quantitative technique
(Table 2.4).
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Fig. 2.6 Distorted mires.
The videokeratoscopy
mires are distorted
superiorly due to an old
paracentral corneal ulcer
causing irregular
astigmatism

Table 2.4 Advantages of the keratometer (K), photokeratoscope (P) and computer-assisted vid-
eokeratoscope (V)

Advantages K P

Routine clinical applications + +
Management of complex corneal cases ? ++
Research tool + ++
Hard record for audit and litigation purposes + + ++
Serial analysis ++ ++
Good correlation with visual potential +
Affordability ++ + +

? = value not determined, + = moderate advantage, ++ = major advantage

Computer-Assisted Videokeratoscopy

In videokeratoscopy, the image of the mires is captured on a video frame, digitised
and then analysed by computer [7, 13—16]. This provides detailed quantitative infor-
mation about corneal contour. The main advantages of these systems over keratos-
copy are their ability to make measurements from the central cornea (Fig. 2.2) and
to display the data in a useful format with reasonable accuracy.

There are a variety of systems on the market, all of which have similar benefits
and limitations. However, they differ slightly in their ease of use, format of data
presentation and extra features they provide.

The accuracy [17-29] of any particular instrument is dependent upon the resolu-
tion it achieves at each of the stages between the generation of the mire pattern and
the display of the data (Table 2.5). The final transverse spatial resolution should
ideally be sufficient to detect surface irregularities just large enough to degrade
visual function. This precise level has still to be determined and may vary from the
centre to the periphery of the cornea.
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Table 2.5 Steps in the
acquisition and analysis of Steps in the Acquisition and Analysis of
videokeratoscopy informa- Videokeratoscopy Information

tion. The accuracy of the
information provided is
dependent upon the accuracy
and resolution achieved
during each of these steps

Patient positiined correctly
Patient fixites target
Placido dis&illuminated
Mires reflected from corneal surface
Clinician focuses eimd aligns the mires
Clinician triggersi‘mage acquisition
CCD video camera records image
Frame grabberfaptures image
Digitisatiog of image
Position of mires identified
Reference poiﬂ established
Data poinis located
Algorithrg applied

Display of results

Hardware

Cone of Mires

The majority of videokeratoscopes use an illuminated cone of Placido-type mires
consisting of concentric rings (Figs. 2.2 and 2.4). Some systems detect the centres
of 30-40 narrow rings, whilst others detect the inner and outer borders of half as
many wider rings. Most systems use alternating black and white rings to maximise
contrast, whilst others in the past used rings of different colours, claiming to over-
come the difficulty of imaging irregular corneas when adjacent rings otherwise
become merged.

The mires of most systems cover the cornea over a diameter of about 11 mm.
This excludes the very central cornea (diameter 0.3 mm) and the perilimbal area
(1 mm). This is in contrast to Scheimpflug systems (Chap. 4) which include data
from the very central cornea. However, Placido systems are more accurate in the
area between 3 and 6 mm from the corneal centre [30].
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In videokeratoscopes with a long working distance between the cone and the
cornea, shadows from the nose or brow may obscure part of the mire pattern
(Fig. 2.5). However, this disadvantage is partially offset by the smaller error pro-
duced by a given misalignment of the cone relative to the cornea. Systems with
highly curved cones close to the eye can obtain information from further in the
corneal periphery, particularly for steeper corneas (Fig. 2.4).

In the centre of the mire, pattern is a small light, sometimes coloured or flashing,
which the patient must fixate.

Alignment and Focusing

Alignment is the appropriate positioning of the cone relative to the cornea in the x-
and y-axes. Focusing is the appropriate positioning in the z-axis. For videokerato-
scopes, both are more critical than for projection-based topography systems [31,
32]. Older systems rely upon purely manual alignment and focusing, aided by the
superimposition of laser spots or cross hairs. Newer systems have auto-alignment
and autofocus mechanisms which fine-tune the manual positioning, with the aim of
improving reliability [33].

Image Capture

A charge-coupled device (CCD) video camera is housed behind the aperture in the
centre of the cone. When triggered by the clinician, it records an image of the
reflected mires on a single frame.

Software

Digitisation

The single video image is stored by the frame grabber and is then digitised. A video
image contains 500 lines/frame. A pixel-by-pixel analysis would provide an accu-
racy of 1.20D. However, by performing automated digitisation with electronic
detection of the mires, statistical procedures can achieve subpixel resolution and an
accuracy of less than 0.25D.

Image Analysis

First a reference point is established, from which the position of each point can be
mathematically identified. Most systems use the centre of the innermost mire or the
reflection of the fixation light. The accuracy of the reference centre is dependent
upon patient fixation and proper alignment of the instrument (Table 2.2).

Having established a central reference point, rectangular coordinates are given to
each data point where a semimeridian intersects a mire. Most commercial systems
have 15-38 circular mires and 256-360 equally spaced semimeridians, theoretically
providing about 6000-11,000 data points (Fig. 2.7). The actual number of data
points available for analysis may be reduced by mire distortion, shadows or the
position of the eyelids. The accuracy of the final reconstruction is not dependent
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Fig. 2.7 Data points. The
data points are located at
the intersection of each
semimeridian with a ring;
for example, a mire
composed of 25 rings, each
of which is analysed along
256 meridians, will give a
total of 6400 potential data
points. However, not all
data points will be useful
as some overlie the eyelids
or shadows from the nose
or brow and distortion may
occur

upon the total number of data points, but their density, presuming that each video
pixel is not sampled more than once.

Reconstruction Algorithms

Algorithms are the mathematical formulas by which the raw data is converted into
topographic information. They reconstruct the three-dimensional shape of the cor-
nea from the two-dimensional image. Their nature varies between different topo-
graphic systems, and the details of the formulas vary between commercial models.

The rectangular coordinates locating the data points are converted to polar coor-
dinates on the keratoscope mires to facilitate corneal reconstruction. A reconstruc-
tion algorithm [14, 34-39] is then applied to the location of each point on the
two-dimensional reflection. This calculates the surface slope at the corneal point
from which that reflection originated.

There are two main sources of inaccuracy of reconstruction arising from the
algorithm. Firstly, the shape of the normal cornea is complex, and there is no known
mathematical formula which exactly describes it. Therefore the algorithm gives
only an approximation of the corneal shape and tends to be most accurate centrally
where the cornea is more spherical [40]. The second source of inaccuracy is the
series of assumptions that have to be made, because each point on the two-dimen-
sional mire image does not represent a unique point in space. For example, for there
to be a single solution to the algorithm, it must be assumed that light arising from
one meridian on a particular mire falls on the same meridian at the film plane [31,
37, 41] (Table 2.2).
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Algorithms vary in the degree of surface smoothing that they incorporate, and
some incorporate different levels of smoothing which can be selected by the clini-
cian. The averaging techniques used to achieve smoothing tend to reduce irregu-
larities due to artefacts, but they also underestimate the true irregularities of the
surface [25, 28].

Accuracy
Videokeratoscopy measures power of spherical test objects with an accuracy of
0.25D or better within an area equivalent to the central 70% of the corneal surface
[17-22] (Table 2.1). This gives a computation accuracy of 0.15D, which is well
within any needed clinical tolerance. When measuring radially aspheric surfaces,
which are more representative of the normal cornea, accuracy declines very fast in
the periphery, dropping to below 3.00D outside a 4 mm radius [23, 28, 40]. This
occurs as a result of the spherical bias in the assumptions when calculating the
tangential (global) radius of curvature. The peripheral accuracy of videokeratos-
copy may be improved by the development of new algorithms [37], shape fitting
(e.g. subtracting the corneal shape from a sphere) [42], calculating the instanta-
neous (local) radius of curvature [40] or matching mathematical equations to the
corneal shape.

Accuracy is also reduced for very steep (>46D) or very flat (<38D) corneas [17,
18, 21, 43] and in the presence of marked surface irregularity (Table 2.4).

Checks and Editing

Alignment can be checked in those systems which have the ability to superimpose
a semitransparent topography map upon the photokeratoscopy image. If the align-
ment is not acceptable, the measurement can be repeated. Poor alignment may lead
to the erroneous diagnosis of astigmatism, keratoconus or a decentred refractive
treatment zone.

Likewise, systems with a side camera can check the position of the corneal apex
to confirm that focusing is correct.

Some videokeratoscopes give the clinician the opportunity to edit the acquired
image before it is processed. Reflected rings not detected by the computer but visi-
ble on the videokeratoscopy image can be completed manually using the mouse.
Artefacts, such as the nose, brow and lash shadows, can be eliminated prior to pro-
cessing. These manoeuvres can improve the cosmetic appearance of a topography
map, but they also introduce unreliable data. In most situations it is best to process
the image as it was recorded and recognise the cause of artefacts or missing data
when interpreting the results. Scheimpflug systems (Chap. 4) are similarly affected
by artefacts and missing data [44, 45], but rather than leaving blank areas on the
maps, smoothing techniques try to fill in the data, leading to inaccuracies in the
representation of irregular corneas.

Display of Results
Once the three-dimensional corneal contour has been reconstructed, the information
is displayed in a clinically useful format (Chap. 5).
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Projection-Based Systems

A number of corneal topography systems in clinical use today are videokerato-
scopes (Chap. 2). These devices are easy to operate and provide useful information,
but they rely upon an image being reflected from the corneal surface and therefore
have a number of limitations. These are being addressed by the development of
topography systems, which utilise the principle of projection. Some projection-
based devices have been used mainly in research settings, but it is worth considering

them here as they may be the forerunners of techniques developed in the future.

The Principle of Projection

In projection-based methods, an image is formed on the surface of the tear film in
the same way as a slide is projected onto a screen (Fig. 3.1).

Fig. 3.1 Projected image
on the corneal surface.
Topography systems using
slit photography,
rastereography, laser
interferometry or moiré
interference project an
image onto the corneal
surface in the same way as
a slide is projected onto a
screen. Some techniques
require the instillation of
fluorescein into the tear
film (O = object,

I = image)
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Projection techniques were initially used for sizing industrial machine parts,
depth perception in robotics and measurement of body parts in plastic and recon-
structive surgery [1].

Application of the technique to the cornea was complicated by two factors.
Firstly, the cornea is normally transparent and therefore transmits light, resulting in
a low signal. Secondly, light is reflected by the surface of the tear film, resulting in
high noise. For the projected image to be visible, it had to be intensified by improv-
ing its signal-to-noise ratio.

In the early days of corneal topography, the noise was reduced by applying tal-
cum powder to convert the reflecting tear fluid to an opaque surface. Obviously the
application of talcum powder was unacceptable in clinical practice, so attention was
turned to increasing the signal. In some systems, this was achieved by adding fluo-
rescein to the tear film to provide image enhancement. However, this is not ideal,
because it is not known how the addition of fluorescein alters the normal thickness
and distribution of the tear film.

Advantages of Projection-Based Systems

The topography systems dependent upon projection form a less homogeneous group
than those using reflection. The general principles apply broadly to most systems
(Table 3.1), although there is considerable variation in some of the details.

Measurement of Corneal Height

In contrast to systems using reflection, which measure surface slope, measure-
ments are made in terms of height or elevation above a reference plane. The con-
tours on the corneal map therefore follow lines of equal height, rather than lines of
equal slope. Having obtained information in terms of the corneal height, the radius
of curvature or corneal power data can then be calculated directly (Chap. 1).

The surface of the normal cornea is very complex, but measurements of corneal
height will map its true shape and its normal variations (Chap. 6). It will also help in
the understanding of the correlation between corneal topography and visual function.

Table 3.1 Advantages and disadvantages of projection-based topography systems compared to
reflection-based systems (e.g. videokeratoscopes)

Advantages Disadvantages

Corneal height measurements Prototype less easy to use

Irregular surfaces measured Image acquisition longer in some
Non-reflective surfaces measured Image analysis longer in some
Entire corneal area measured Less clinical experience to date

High resolution and accuracy No standardised presentation formats
Uniform accuracy across cornea Fluorescein instillation in some
Lack of spherical bias
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Knowledge of the true corneal shape is helpful in the fitting of therapeutic contact
lenses, when the posterior lens surface has to encompass all protuberances on the
anterior corneal surface (Chap. 7). There may also be a role in the monitoring of cor-
neal disease, such as the size or depth of a corneal ulcer or gutter (Chaps. 8, 9 and 10).

Measurements of corneal height are also useful in planning refractive surgery,
such as photorefractive keratectomy or LASIK. The refractive outcome of these
procedures is highly dependent upon the precise depth of tissue removed by the
ablation process and the amount of newly synthesised tissue laid down on this sur-
face during wound healing (Chap. 14).

Corneal height measured immediately postoperative provides information about
the spatial uniformity of the excimer laser beam and the profile of the ablation [2,
3]. Subtraction of the immediate postoperative topography from subsequent maps
quantifies new tissue production at intervals during the healing process [4]. Measures
such as these are important in characterising the wound healing response and objec-
tively comparing the results of different ablation profiles or postoperative drug
treatments.

In some patients, it is possible to use this information to treat irregular corneal
astigmatism using the excimer laser. The true corneal shape map can be used in two
ways. Most commonly it is coupled directly to a small-diameter “flying spot” laser
in which it controls the location of the beam. Less frequently these days, the height
information can be used to lathe an individualised erodible mask whose shape is
complementary to that of the cornea. As the mask is ablated, more corneal tissue is
removed from the high areas where the mask was thinnest than the low areas where
the mask was thickest. This would create a more spherical or normally shaped sur-
face. In theory, the technique would be particularly useful in the retreatment of
decentred ablation zones and conditions such as keratoconus. However, such cases
require symmetry of the wound healing processes if these shape changes are to be
maintained, and other factors such as the thickness of the cornea and risk of an
abnormal healing response would need to be considered prior to deciding to proceed
with treatment.

Irregular and Non-reflective Surfaces

Projection-based systems have wider applications than videokeratoscopy in corneal
disease, because they can make measurements from irregular or non-reflective sur-
faces. They are able to provide information about the true morphology of a number
of corneal pathologies and may give some insight into their nature and progression.

One important benefit arising from the ability of these systems to make measure-
ments from non-reflective surfaces is that information can be obtained about the
corneal surface immediately after laser refractive surgery. This is necessary in any
investigation of ablation profiles or postoperative wound healing.

It could also provide a potential means of measuring the shape of the corneal
surface during the ablation procedure itself and during other surgical procedures
[3]. This may be useful in the tailoring of treatments to individual patients.
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Entire Corneal Coverage

Projection-based systems are able to make measurements from the whole cornea,
including the very centre and the limbus. The accuracy of the reconstruction is
maintained out to the periphery, and therefore detailed information about this area
can be provided.

The topography of the very centre of the cornea is important due to its role in
vision. It is also important to be able to study the shape of the corneal periphery to
monitor wound construction (e.g. in new techniques such as femtosecond laser) as
well as peripheral corneal pathology such as peripheral ulcerative keratitis, corneal
melt and gutters, which tend to occur preferentially in the perilimbal area.

High Resolution and Accuracy

Using projection-based methods, it is possible to achieve a resolution higher than
with videokeratoscopes. For some devices, the resolution is in the order of 2-5 pm.

The reconstruction of the corneal shape from projection-derived data is of uni-
form accuracy across the whole cornea. It lacks spherical bias as the analysis is not
performed with relation to the visual axis or the centre of the cornea. Therefore the
alignment of the cornea for capture of the image is less important than for
videokeratoscopes.

Focusing is also less important as these systems tend to use parallel light. In
addition, the surface is reconstructed from the position of the points relative to each
other and the mathematical reference plane, rather than at an absolute position in
space. Therefore these systems are potentially less prone to operator error.

Disadvantages of Projection-Based Systems
Influence of Tear Fluid

Both reflection- and projection-based topography systems image the air-tear fluid
interface rather than the surface of the corneal epithelium. As topography systems
become more accurate, it is necessary to consider how the tear fluid influences
measurements.

Both types of system rely upon the assumption that the tear fluid is a thin layer
of uniform thickness covering the entire surface from which measurements are
made. Early estimates of tear film thickness were about 7 pm [5], which would have
negligible effect on the corneal curvature or power and is well below the sensitivity
of currently available videokeratoscopes, which have and accuracy of 0.25D in the
central region.

However, more recent studies have found the tear film to be thicker, with some
reports claiming 40 pm [6], and the uniformity is unknown. In this situation the tear
film could potentially affect topography, particularly as measurement techniques



Slit Photography 35

become more sensitive. This degree of sensitivity is now achievable, as some sys-
tems have an axial resolution of at least 5 pm and can reconstruct the inferior tear
meniscus. The viscosity of the tear fluid may serve to integrate out microundula-
tions in the corneal surface by being thicker over depressions and thinner over pro-
tuberances. However, this is unlikely to be of clinical importance, as it is the air-tear
fluid interface which is the major refractive surface of the eye.

Some devices require the instillation of fluorescein into the tear fluid to enhance
the signal-to-noise ratio during image acquisition. The effects of this on corneal
topography are unknown but are unlikely to be significant following the small quan-
tities used.

Lack of Standardised Presentation Formats

With the development of new topography systems and methods of data analysis,
there is an increasing number of ways in which topographic information is pre-
sented [7] (Chap. 5). Each presentation format may have its individual merits, but
there could be considerable benefits in developing a standard format [8] which
could be chosen as a presentation option in all systems. At this time of rapid expan-
sion in the field of corneal topography, we should perhaps be considering whether
this is the most useful format. We should also consider whether more than one stan-
dardised format will ultimately be required to present the wealth of information
which can now be obtained about corneal topography. Given the problems which
occurred in developing standards in electrophysiology and perimetry, the need for
an internationally agreed system may be rapidly approaching.

Slit Photography

When observing the cornea on the slit lamp using a narrow beam, the shape of the
anterior and posterior corneal surfaces in one meridian can be seen due to the curved
appearance of the beam (Fig. 3.2). If a slit beam scans across the cornea, 40 inde-
pendent images can be recorded from a known angle by a calibrated video camera.
Each slit contains up to 240 data points, giving a total of over 9000 data points on
each surface, each with a resolution of 2 pm [9].

The reconstruction algorithms can generate a map of the entire anterior and pos-
terior surfaces. In addition, subtraction of these two maps can provide a map of
corneal thickness. This is particularly useful in corneal diseases, such as keratoco-
nus and peripheral gutters, and in the planning of incisional refractive surgery and
laser in situ keratomileusis (LASIK).

Limitations of this technology include the relatively long time (0.8 seconds)
required to individually image 40 slits and the resultant possibility of introducing
artefacts due to eye movement. A number of studies have illustrated this device is
potentially inaccurate at locating the posterior corneal surface and hence tends to
underestimate corneal thickness after refractive surgery [10-18].
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Fig. 3.2 Corneal slit.
When a narrow slit of light
shines on the cornea, the
anterior and posterior
surfaces can be seen in the
beam. When viewed from
a known angle, the shape
of these two surfaces in
that plane can be
determined and the corneal
thickness calculated. The
information from multiple
parallel slits can be
combined to reconstruct
the entire cornea

In the future, if the magnification and resolution of the images can be improved,
there is the potential for this device to measure not only total corneal thickness but
also corneal epithelial thickness. This would be valuable in research in refractive
surgery and clinically when deciding how to retreat patients who regress after treat-
ment. A technique with a similar aim is the measurement of corneal and epithelial
thickness using high-frequency ultrasonography [19, 20].

Rasterstereography

In rasterstereography (or rasterphotogrammetry), a grid is projected onto the tear
film surface and imaged from a known angle [21-25]. The topographic elevation is
calculated from the displacement of components within the grid image when pro-
jected onto the corneal surface, compared to their known position when projected
onto a flat surface (Fig. 3.3).

The number of data points used by this method was initially limited by the num-
ber of grid intersections. However, a far greater number of data points can be
obtained if the lines of the grid have a sine wave function, and the greyscale value
of each pixel is measured to detect local changes in grating intensity [26, 27].

Moiré Interference

Moir€ interference occurs when two sets of parallel lines are superimposed at dif-
ferent orientations, as seen, for example, when two net curtains overlap [28, 29].
When parallel gratings (Fig. 3.4a) are projected obliquely onto a cornea, the
image on the corneal surface is a series of parallel lines, curved in a similar man-
ner to that seen when using a slit lamp beam (Fig. 3.4b). Gratings projected from
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Grid projected onto:

a Flat screen b Cornea

Fig. 3.3 Rastereography. Diagrammatic representation of the measurement of corneal height by
rastereography (rasterphotogrammetry). A grid is projected onto the tear film surface from a
known angle. The topographic elevation is calculated from the displacement of components within
the grid image when projected onto the corneal surface (b), compared to their known position
when projected onto a flat surface (a)

the nasal and temporal sides produced images curved in opposite directions.
Addition of these two images results in moiré interference which generates ring-
shaped interference fringes visible on the corneal surface (Figs. 3.4c and 3.5).
These fringes follow contour lines representing points of equal height (Fig. 3.4d)
and can be viewed directly without recourse to mathematical assumptions or com-
putations [30, 31].

The width of the moiré fringes is partially determined by the spatial frequency of
the gratings. Their orientation is dependent upon the relative orientations of the two
grating images and therefore the shape of the surface on which they are formed. As
with rasterstereography, if the gratings have a sine wave function [26, 27], a huge
number of data points can be generated (e.g. more than 200,000), with a very high
resolution in the z-axis (<5 pm).

Laser Interferometry

Interferometry records the interference pattern generated on the corneal surface by
the interference of two coherent wave fronts [31-35]. The two wave fronts may be
generated by light from separate illuminating and reference lasers, or the light from
an illuminating laser may be directed through two distinct optical pathways by the
use of a beam splitter. The corneal elevation is calculated from analysis of the inter-
ference pattern (Fig. 3.6). The density of data points generated is dependent upon
the wavelength of the light.
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Left projection system Right projection system

Sinewave gratings
projected at
different angles

b \
Grating images
formed on corneal
surface and recorded

separately by camera
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Computerised
addition of two
grating images
produces moiré
interference

d

Moiré interference
fringes follow lines
of equal height

Fig. 3.4 Moiré interference. Diagrammatic representation of the generation of moiré interference
fringes. Two parallel sine wave gratings (a) are projected at equal and opposite angles to the visual
axis. The light approaches the cornea obliquely, and therefore the lines of the grating images
formed on the corneal surface appear curved (b). Addition of the two images results in moiré inter-
ference (c), in which the ring-shaped interference fringes follow contour lines representing points
of equal height (d)



References 39

Fig.3.5 Moiré
interference fringes.
Circular moiré interference
patterns on the corneal
surface are formed by the
computerised addition of
two sine wave grating
images. The fringes follow
lines of equal height, but as
there are so few rings
generated, detailed shape
information is provided by
the computer analysis of
the sine wave grating on
the two individual images

Fig. 3.6 Laser
interferometry.
Holographic interferogram
of an eyebank cornea with
four deep radial incisions.
(Courtesy of Dr Smolek,
Louisiana State University,
Lions Eye Centre. Adapted
from Journal of Cataract
and Refractive Surgery
1994;20:282)
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Scheimpflug Camera-Based Systems

Introduction

Imaging of the cornea and anterior segment has advanced significantly in recent
years allowing a greater understanding of the structure and refractive function of the
front of the eye. An important class of devices is the Scheimpflug camera-based
systems, which permit detailed mapping of the anterior and posterior corneal sur-
face, the measurement of corneal pachymetry and a number of other anterior cham-
ber parameters. Applications include the diagnosis of anterior segment pathology
with monitoring of disease progression, pre- and post-refractive surgery assessment
and research.

The Scheimpflug Principle

The Scheimpflug principle is a geometric rule that enables the photographer to cap-
ture sharp, focused images of objects that are not parallel to the camera and lens. It
enables an enhanced depth of focus without distorting the image and is commonly
used in photography. Originally described by Jules Carpentier in 1901, the principle
is named after Austrian army Captain Theodor Scheimpflug, who used it to devise a
systematic method and apparatus for correcting perspective distortion in aerial pho-
tographs [1]. However, it was not until the 1970s that a group of researchers led by
Professor Otto Hockwin developed a Scheimpflug slit-imaging device for ophthal-
mological use.

The principle describes the orientation of the plane of focus of an optical system
when the object plane, lens plane and the image plane are not parallel but intersect
at a common point in space. Ideally the lens and the image plane are parallel: a
linear object will form a plane of focus parallel to the lens plane and thus can be
completely in focus on the image plane (Fig. 4.1a). When the object is not parallel
to the image plane, it is not possible to focus the entire image on a plane parallel to
image plane (Fig. 4.1b), which may lead to image blur and distortion. Using the
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Fig. 4.1 Illustration of the
Scheimpflug principle,
using the examples of (a)
parallel object, lens and
image; (b) object, lens and
image planes not parallel;
and (c) the Scheimpflug
intersection. (Scheimpflug
T. 1904; Adapted from
EyeWiki.aao.org; Zeimer
website: http://www.
ziemergroup.com/products/
galilei/product-profile/
theory/scheimpflug.html)
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Fig. 4.1 (continued) c
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Scheimpflug principle, an oblique tangent can be drawn from the image, object and
lens planes, and their point of convergence is called the Scheimpflug intersection
(Fig. 4.1c). Careful movement of the image and lens planes can lead to a focused
and sharp image on the entire non-parallel object. This has obvious advantages and
uses for imaging a curved object such as the cornea.

Scheimpflug-Based Systems
Single Scheimpflug Imaging

One of the first commercially available systems to incorporate this technology was
the Pentacam™ (Oculus GmbH). It obtains images of the anterior segment using a
rotating Scheimpflug digital CCD camera and a light source of UV-free blue LEDs
with a wavelength of 475 nm. It rotates around a central axis and captures 50 merid-
ional pictures, each passing through a common point at the centre of the cornea. The
Pentacam software extracts 500 elevation points from each image, obtaining 25,000
true elevation points from each corneal surface. Measurements take less than 2 s,
and the system is able to realign the central thinnest point of each section before it
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reconstructs the corneal image, which minimises any movement-related artefact. In
addition, it is possible to examine each individual meridional image to look for a
blinking eyelid or patient misalignment that might degrade the image.

Scheimpflug photography provides images of the anterior segment with minimal
distortion from the camera optics, cornea and lens. Correction of any image distor-
tion is important when assessing corneal biometry, refractive surgery, anterior
chamber biometry and for control of intraocular lens position stability. It is less
significant for measurement of the light-scattering profile and aberrations in the
cornea and lens.

Most of the biometrical measurements obtained (corneal curvature, change of
lens curvature with accommodation, depth of anterior chamber, anterior chamber
angle) have to be optimised using algorithms [2, 3]. The Pentacam is a tomographer,
and its software incorporates a ray-tracing algorithm to construct and calculate a
mathematical three-dimensional image of the entire anterior segment. It can also
evaluate both the anterior and posterior surfaces to create an accurate pachymetric
map for the entire cornea.

Image analysis is achieved via linear densitometry and correlates the density to a
certain layer of the cornea and lens. This allows discrimination of the different lay-
ers by density quantification with analysis influenced by a variety of factors such as
pupil size and light intensity. Variation in these parameters will affect the accuracy
of the data such that a degree of standardisation is necessary. It has enabled the
generation of normative databases for topographic parameters useful in corneal and
refractive surgery [4].

Dual Scheimpflug Imaging

Dual Scheimpflug camera-based systems utilise two Scheimpflug cameras orien-
tated at 90° to each other that rotate around a common central axis containing the
slit beam light source (see Fig. 4.2). The principal advantage of this design is that it
allows corresponding corneal data from each channel to be compared and averaged
to compensate for unintentional misalignment and eye movement. It is not influ-
enced by angular surfaces, which allows it to calculate accurate pachymetry even
when the degree of decentration from the corneal apex is unknown. It is able to
place each averaged thickness and posterior height value to its proper location in the
cornea, whereas single Scheimpflug systems have to make estimations on the vari-
able surface inclination before calculating correct thicknesses or posterior heights.
This is illustrated by a study, which showed single-camera devices are more precise
for curvature, astigmatism and corneal wavefront error measurements and the dual-
camera device for pachymetry measurements [5].

The two Scheimpflug channels are positioned opposite each other and aligned
symmetrically to the rotational axis containing the slit beam. When the machine is
centred on the corneal apex, the apparent thicknesses of both camera views are
identical. If the slit beam is positioned off-centre, the optics will be inclined to the
corneal surface resulting in two apparent slit images, which are deviated, from each
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Fig. 4.2 Illustration of the dual Scheimpflug principle. Averaging of the thicknesses in the two
corresponding Scheimpflug views (green and blue lines) reduces the decentration error by a factor
of 10, without the need for correcting the misalignment. This error can range from 30 pm at 1 mm
to 10 pm at 0.3 mm decentration, which is well within the range of normal eye movements during
target fixation. (Adapted from Galilei Dual Scheimpflug Analyzer. Zeimer Ophthalmology 2008)

other. The reciprocal dual-camera views allow averaging of these corresponding
values to correct any error from the misalignment. Given the natural movement of
human eyes in vivo, this system facilitates more accurate mapping of the cornea and
anterior segment.

Integration of Placido Topography

Two corneal curves with a difference of 0.25 dioptres have the same elevation at the
centre but will gradually separate towards the periphery. Within the central 1 mm
diameter region, the maximum difference in elevation is 0.1 pm, but at 3 mm diam-
eter region, this has increased to 0.9 pm. In order to distinguish between these two
curves using a slit beam, the pixel resolution must be extremely high [6, 7]. The
problem is magnified using a Scheimpflug image as the corneal curvature is only a
small proportion of the anterior segment image. This is overcome by integrating
infrared Placido topography with dual Scheimpflug imaging. Several devices incor-
porate both technologies with the aim of improving accuracy in central anterior
corneal curvature measurements.

Advantages of Scheimpflug-Based Systems

Scheimpflug-based topography has significantly improved imaging in ophthalmol-
ogy, enabling clinicians to obtain optical sections of the entire anterior segment of the
eye, from the anterior surface of the cornea to the posterior surface of the lens. Using
a wide depth of focus, assessment of anterior and posterior corneal topography, ante-
rior and posterior topography of the lens as well as anterior chamber depth is achieved.
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The rotation of the imaging process around the central cornea has several advan-
tages over scanning slit systems using parallel images. These include:

(a) Precise measurement of the central cornea
(b) Ability to correct for small eye movements
(c) Easy fixation for patient
(d) Short examination time

Measurements take around 2 s, and minute eye movements are captured and cor-
rected simultaneously. Using 3D image stitching, it is possible to measure 25,000
true elevation points precisely and reproducibly. Using computer algorithms and
mathematical models, it can calculate:

(a) Anterior and posterior corneal elevation maps

(b) Keratometry (K) readings

(c) Corneal pachymetry from limbus to limbus

(d) 3D chamber analysing (anterior chamber depth map, chamber angle, chamber
volume)

(e) Lens density (quantification of the light transmittance of the crystalline lens and
IOL)

(f) Tomography

(g) Improved IOL calculation for post LASIK, photo refractive keratotomy and
radial keratotomy patients

The rotating Scheimpflug device does not appear to suffer from the same limita-
tions as the scanning slit device (see Chap. 3) with regard to post-refractive mea-
surements [8—14].

Disadvantages of Scheimpflug-Based Systems

Calculation of corneal power from elevation measurements has several limitations.

The use of elevation data to represent the corneal elevation data in comparison to
a reference surface results in points being labelled as higher or lower than the refer-
ence plane. The points higher are depicted on colour-coded maps as red, whilst
those that drop below the reference surface are shown in blue. This can lead to
confusions when comparing with a Placido-based corneal power map, because the
areas with a steeper curvature or higher dioptric power are shown in red, whilst flat-
ter curvatures and lesser powers are shown in blue.

A comparison of accuracy of the different Scheimpflug machines is not possible
as there is no gold standard. In addition, each machine uses different algorithms and
systems to extrapolate and calculate data. Galilei has changed the optical reference
plane for the definition of corneal power to the anterior corneal surface decreasing
its value by about 3% with respect to previous versions. Pentacam calculates total
corneal refractive power in relation to the posterior corneal surface. So, even if
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names and definitions on the software are similar, they employ different parameters,
and care must be taken in their use.

In addition, Scheimpflug imaging may be biased by imperfections in cornea clar-
ity and epithelial irregularities, resulting in false positive changes to the posterior
corneal surface and pachymetry.

Hence, the ultimate solution may be to use both a Placido-based image analysis
for corneal power requirements and to interpret these in light of data above corneal
elevation from devices like the Pentacam — for both the anterior and posterior cor-
neal surfaces.

Other Applications
Corvis® ST

The Corvis® ST (Oculus) records the deformation of the cornea to a defined air
pulse using a high-speed Scheimpflug camera that captures over 4300 images per
second. This allows a precise measurement of IOP and corneal thickness based on
the Scheimpflug images taken [15]. One hundred and forty images are taken within
31 ms after onset of the air pulse and converted into a video. The recorded deforma-
tion of the cornea allows its biomechanical properties to be studied in more detail
and has significant implications for the management of corneal disease and laser
refractive surgery [16].

Whilst measurements are highly reproducible, some studies have shown signifi-
cant differences in measurement parameters between other types of device [17],
whilst others have shown no statistically significant difference in compared biomet-
ric parameters between a Scheimpflug device (Pentacam), a swept-source optical
biometer (IOL Master 700) and a standard optical biometer (IOL Master 500) [18].
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Presentation of Topographic 5
Information

The aim of corneal topography is to obtain detailed, accurate data about the corneal
contour and display it in a clinically useful format [1, 2]. The raw image captured
by topography systems often only reveals to the observer relatively gross abnor-
malities of corneal structure. For example, alterations in the shape or spacing of
videokeratoscopy mires are only apparent for astigmatism greater than
3.00D. Computer analysis of the raw image quantifies the corneal contour and dis-
plays the data in formats which are much more sensitive to small abnormalities of
the surface [3, 4].

All topography systems have many formats in which its data can be displayed.
The key to maximising the information obtained from a topography examination is
to select the most appropriate display format. Each format has certain benefits, limi-
tations and applications, which are described below.

When presented with a topography display (Fig. 5.1), it should be studied in
structured fashion in order to obtain the maximum information from it and avoid
mistakes in interpretation (Table 5.1). The same system can be applied to any form
of topographic display, produced by any device. If the display is being studied in
conjunction with a patient, the name, date, eye and other detail should first be con-
firmed from the patient and examination information sections. The scale should
then be studied to determine the type of measurement and the step interval. Only
then should the map itself be studied.

Interpretation of the map is performed largely on the application of a few basic
principles (see below) and pattern recognition (see later chapters). This can be
aided by studying any statistical information provided. Comparison can be made
with previous topography examinations of the same eye. It is also sometimes use-
ful to compare the topography of the other eye, as pairs of normal corneas are often
mirror images of each other. However, in both these situations, care should be
taken to express all the sets of data with the same scales, so like can be compared
with like.
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5 Presentation of Topographic Information
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Fig. 5.1 Topographic display. A typical topographic display composed of several parts, which
should be studied systematically in the order shown

Table 5.1 System for
studying topographic
displays. When presented
with a topographic display, it
must be studied
systematically to maximise
the information obtained and
avoid mistakes in
interpretation

System for studying topography displays

Check name, date, eye

Scale:

Type of measurement (e.g. height, curvature, power)

Step interval

Map

Statistical information, (e.g. cursor box, indices)

Compare previous maps of the same eye (check that the
scale is the same)

Compare with topography of the other eye (check that the
scale is the same)

Measurements

The types of measurements which can be made by topography systems have been

described in Chap. 1.
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Raw Image

The study of the raw image captured by the camera in the topography device can
provide extra clinical information which is of use in the interpretation of the map
(Fig. 5.2). For example, the demonstration of focal irregularities, which correspond
to surface pathology or tear film abnormalities.

Height
Height data is immediately available from systems using the principle of projec-
tion. It is very useful in numeric or cross-sectional format (Fig. 5.3a), because
it can precisely quantify the elevation of a proud nebula or the depth of an
excimer laser ablation or ulcer [5]. A three-dimensional height map gives a good
concept of the overall shape of the cornea, but more subtle details are not obvi-
ous [6] (Fig. 5.3¢).

A more sensitive way of presenting height data is to plot the difference in height
from a sphere of known size [1, 2, 7] or from an idealised corneal shape. This is

Fig.5.2 Videokeratograph.
Severe keratoconus in
which there are two proud
nebulae superior to the apex
of the cone. The raw image
(a) shows the irregularity
which prevents reliable
reconstruction of the
topography on the colour
map (b). Maps of the same
eye using different
techniques are shown in
Figs. 5.3 and 5.5
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Fig. 5.3 Corneal height. The same left eye with keratoconus and an inferotemporal cone. The corneal
height has been measured by a projection-based system using moiré interference and Fourier analysis. (a)
A cross section is a one-dimensional representation of the corneal height (mm). The 45° meridian (black)
has a relatively normal, symmetrical shape. The 135° meridian (red) is flattened superonasally and pro-
trudes more than normal in the inferotemporal quadrant. The apex of the cone in that meridian is 0.45 mm
from the corneal centre (visual axis). (b) The two-dimensional representation of corneal height demon-
strated only relatively gross abnormalities. The contours appear closest together where the cornea is
steepest inferotemporally. The same information has more visual impact when subtracted from a sphere
(part D and Fig. 5.4a). (¢) The three-dimensional wire net demonstrates the overall shape of the cornea,
but again cannot show the fine detail. However, having obtained the information, it can be subtracted
from a sphere (part D) or converted to a slope, curvature or power. (d) If a spherical reference plane is
used, the local variations in corneal height form a much greater proportion of the overall height repre-
sented and are therefore more obvious. The reference sphere has a radius of curvature of 7 mm. Points
lying on the reference plane are green; those above are red/yellow, and those below are blue (see Fig. 5.4)
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Fig. 5.3 (continued)

equivalent to using a spherical or curved reference surface, rather than a flat refer-
ence plane. On the resulting map, local variations in corneal height form a much
greater proportion of the overall height represented and are therefore more obvious
(Figs. 5.3d and 5.4c). A similar technique can be applied to curvature and power
maps [8-10].

Systems using slit photography, or the Scheimpflug principle, are able to mea-
sure the shape of the posterior corneal surface and the lens-iris diaphragm and there-
fore calculate corneal thickness and anterior chamber depth (Fig. 5.4).

Slope and Curvature

Slope and curvature are similar and are both derived from the first differential of
height. They represent the “rate of change of height” and as such are a much more
sensitive measure of variation in contour across the corneal surface (Fig. 5.5a).
Further fine detail of any map can be obtained by using the zoom function
(Fig. 5.5b).

Global (axial/sagittal) radius of curvature has spherical bias and is therefore less
accurate in the corneal periphery and for irregular surfaces (Fig. 5.6a). In cases
where this is important, it is preferable to use local (instantaneous/tangential) radius
of curvature (Fig. 5.6b), in which the curvature at each point is calculated with
respect to its neighbours (Chap. 1).

Power

Refractive power is a less slightly accurate measure of corneal contour than curva-
ture, especially in abnormal corneas. This is due to the approximations and assump-
tions made during its derivation (Chap. 1). However, information displayed in this
manner is easier to relate to the patient’s refractive status and is therefore frequently
used in clinical practice (Fig. 5.6).
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Corneal height greater
than sphere (red)

a Cornea

Best fit sphere Corneal height less than sphere (blue)

Corneal height greater than sphere (red)

Anterior

Fig. 5.4 Difference from a sphere and pachymetry. Height information can be depicted in more
detail if the information is subtracted from a sphere. In this case of moderate keratoconus, the topog-
raphy has been derived from slit images. (a) The reference plane is spherical. Where the cornea is
higher than the sphere (e.g. centrally in a normal prolate cornea), the difference is positive, and
colours on the map are warm. Where the cornea is lower than the sphere (e.g. peripherally in a normal
cornea), the difference is negative, and the colours are cool. In the very far periphery, the colours
become warm again. (b) For the anterior elevation map, the green band is the portion of the cornea
which is at the same height as a sphere of radius 7.99 mm (42.3D). A cross section through the 135°
meridian demonstrates how the cornea is higher than the sphere centrally and lower in the midperiph-
ery. (¢) The whole anterior elevation map is plotted using the same principles as the cross section in
part B. The green band is the portion of the cornea, which is at the same height as the reference sphere
(radius 7.99, 42.3D). In keratoconus, the cornea is more prolate than a normal cornea, so the central
elevation is more marked. (d) Slits can be used to image the posterior corneal surface and reconstruct
its topography. In a similar manner to part C, the results have been expressed as the difference in
elevation from a sphere (6.59 mm radius of curvature, 51.2D). The posterior cornea is higher than the
sphere centrally and lower in the midperiphery. (e) The width of the slit gives the thickness of the
cornea. The normal cornea is thinner in the centre than the periphery, and this is accentuated in kera-
toconus. At the thinnest point, marked by the cross, the pachymetry is 403 p. (f) A slit beam also
allows the lens-iris diaphragm to be imaged and its anterior surface to be reconstructed. This map
shows the depth of the anterior chamber, which is the difference in height between the posterior
corneal surface and the lens-iris diaphragm. The anterior chamber is shallowest peripherally and
deepest within the pupil margin. (g) A sagittal map gives a cross section through the cornea, anterior
chamber and the anterior surface of the lens-iris diaphragm
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Fig. 5.4 (continued)
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Axial Depth

Sagittal Depth

Fig. 5.4 (continued)

Displays

The first computerised display of the corneal surface was by a three-dimensional wire
mesh representation, from which only relatively gross distortion could be appreciated
[3, 6]. The sensitivity of this technique was improved by presenting the deviation of
the corneal shape from spherical [7, 8] or from an idealised corneal shape [2, 10].

The clinical utility of topography increased hugely with the development of two-
dimensional colour-coded contour mapping. Today this remains the most frequently
used means of representing information derived from Scheimpflug cameras, video-
keratoscopes and other topographic devices. Using the computer software, maps
can be manipulated and augmented to maximise the information obtained from
them. This can be further enhanced by statistical analysis.

Two-Dimensional Maps

In a colour-coded contour map, the corneal surface is represented in two dimen-
sions (x and y), and the third dimension (height/curvature/power of the cornea) is
encoded in the colour scheme [2, 4, 11-14]. Areas with the same height/curvature/
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Fig. 5.5 Slope. The same left eye with keratoconus as shown in Figs. 5.2 and 5.3. True height
topography was measured by moir€ interference, and from it slope was calculated. Slope is the rate
of change of height and is therefore a more sensitive way of depicting topography than slope itself.
(a) The low power view shows that slope is zero (horizontal, red) over the apex of the cone and
then becomes increasingly vertical (yellow/green) towards the corneal periphery. The slope is most
vertical (blue) at the base of the cone. It is the transition between this vertical area and the more
horizontal periphery that iron deposition occurs, producing a Fleischer ring. (b) A high-powered
view of the central cornea demonstrates how sensitive slope is to corneal irregularities. The two
proud nebulae (N) just above the apex (A) of the cone greatly distort the videokeratos-
copy mires (Fig 5.2a) but have been reconstructed using this projection-based system
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Fig. 5.6 Global and local radius of curvature (ROC) and power. For the scale, radius of curvature
or power can be selected. One is converted to the other using the standard keratometry index. (a)
Global/axial/sagittal/measurements are made relative to the visual axis and therefore have a spheri-
cal bias. (b) The same map expressed in terms of local/instantaneous/tangential measurements is
more accurate over irregularities and in the corneal periphery. In this case of keratoconus, the steep
portion of the cone is better localised
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power are on the same contour and are therefore depicted in the same colour
(Figs. 5.3, 5.4, 5.5 and 5.6). These maps are used most commonly to display topo-
graphic information.

Colours

Colour-coded contour maps were initially developed for videokeratoscopy. On
these maps, the warmer colours (red, orange, yellow) represented the steeper
areas, whereas the cooler colours (green and blue) mark the flatter ones
(Table 5.2).

With the introduction of projection-based, slit-photography and Scheimpflug
camera-based topography systems, a similar colour-coded system was applied to
height maps. For these, the warm colours depicted the high areas, and the low areas
are depicted by the cool colours.

As a result, it is extremely important to check the type of scale on the map
being studied. For example, in a case of keratoconus, the red area on a height
map corresponds to the highest point, which is the apex of the cone. In the same
case, the red area on a curvature or power map is the steepest area, which is usu-
ally on the side of the cone inferiorly. This becomes obvious when walking up a
hill: the steepest part is when walking up the side of the hill. Once the top is
reached, it flattens off, and walking becomes easier, although this is the highest
part.

Scales

The label on the scale gives the type of measurement which is being displayed:
height in mm or pm, slope with no units (or mm/mm) and curvature in mm or power
in dioptres.

The appearance of the scale, and therefore the map, is dependent upon the num-
ber of steps, the interval between the steps, and the range covered. The first two
variables determine the extent of the range. It is therefore essential to check the step
interval on the scale before studying the map (Fig. 5.7).

Most systems enable the operator to select between a standardised/absolute scale
which is the same for all subjects and a number of variable scales which can be

Table 5.2 Colour coding used for absolute scale maps of videokeratoscopes

Population Slope Curvature (mm) Power (D) Colour

+3 SD Steep 7.0 48.0 Red

+1 SD 7.5 45.0 Orange/yellow
Mean Average 7.8 43.5 Yellow/green
—1SD 8.0 42.0 Green/light blue
-3 SD Flat 8.7 39.0 Blue

This is based upon the distribution of corneal curvatures within the population. Average curvatures
are coloured yellow or green (depending upon the commercial device). Steeper areas are depicted
in warmer colours and flatter areas in cooler colours

SD standard deviation
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tailored to the particular case. The selection of the best scale for a given case is
determined by the indication for the examination and the particular features to be
demonstrated (Table 5.3).

Fig.5.7 Scale step interval. A case of subclinical keratoconus plotted using scales with different
step intervals. (a) Absolute scale with a 1.5D step interval. This cornea could be passed as normal,
particularly if the scale had not been checked. (b) Adjustable scale map with a 1D step interval.
The area of inferior steepening becomes obvious. (¢) 0.5D step interval. (d) 0.2D step interval. If
this map was studied without reference to the scale, an erroneous diagnosis of severe keratoconus
could be made
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Fig. 5.7 (continued)

Absolute/Standardised Scale
An absolute scale map is one in which there is a fixed colour-coding system: the
same colours always represent the same curvatures or powers. This facilitates com-
parison of the same eye from one occasion to the next, the two eyes of one patient
or different patients.

However, there has so far been no standardisation of scales between commercial
companies. This makes it more difficult to compare examinations performed using
different systems. Given the problems, which occurred in developing standards in
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Table 5.3 Comparison of the different types of scales

Standardised/absolute scales Normalised/relative and customised scales
Standardised Non-standardised

Good for comparison of maps Comparison of maps difficult
Large steps Small steps possible

Low resolution High resolution

Large range of corneal powers Narrow range of corneal powers

Good for screening Subtle features apparent

Good for gross pathology Good for detail

electrophysiology and perimetry [15], it has long been discussed that a standardised
format should be internationally agreed [11-14].

The variability between commercial systems is huge. For example, 1 system uses
34 steps of 0.5D, covering a range of 35-52D. Another system uses 26 steps, which
have a 1.5D interval in the range 35.5-50.5D, above and below which 5D steps are
used to cover the range 9.0-100D [11].

The allocation of colours on an absolute scale is related to the distribution of
corneal powers in the normal population (Table 5.2). Central corneal power has an
approximately Gaussian distribution (represented by a bell-shaped curve). The
mean central corneal power is 43.50D, which is depicted by a colour from the mid-
dle of the spectrum. Approximately 66% of the population have a central corneal
power within one standard deviation (+ 1 SD) of the mean (42-45D), and this is
represented by the adjacent colours on the scale. Less than 3% of the population
have a central corneal power beyond +3 SD, represented by red and dark blue. If
these colours are present on an absolute scale map, the cornea is unlikely to be
normal.

Normalised/Relative Scale

A normalised scale map uses a set number of colours which are automatically
adjusted to fill the range of dioptric values for that single map. The mean power for
that cornea is positioned in the centre of the scale.

The normalised scale has the advantage over the absolute scale of using narrower
steps between the contours, which provides more detail. Some systems limit how
small the steps can be so that the information generated is still clinically relevant
(see under section “Adjustable Scale”).

However, as the scale may be different for almost every examination, it should be
checked carefully before studying the map. For example, the use of a normalised
scale can produce a pair of maps of similar appearance for a patient with advanced
keratoconus in one eye (using a large step interval) and a subclinical cone in the
other eye (using a small step interval).
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Adjustable Scale

The adjustable scale map enables the operator to select the step interval and diop-
tric range of the contours so the topographic information can be displayed to
optimum effect. If the same scale is selected for pairs of maps, they may be
compared.

Figure 5.7 demonstrates the effect of varying the step interval on the appear-
ance of a map. If a large step interval is used, the range covered is greater, but
subtle details may be missed. This is most appropriate for screening or for map-
ping gross corneal pathology. In contrast, if a very narrow step interval is used,
it may highlight small surface irregularities which are not clinically relevant.
The most useful step intervals in clinical practice are 1.0 and 1.5D and occa-
sionally 0.5D.

Overlays

Various overlays can be added to topography maps to provide more information and
aid interpretation (Table 5.4). Many of these are standardised, but some systems
now allow the freehand addition of symbols and text.

Semitransparent Map

Superimposition of a semitransparent topographic map upon the photokerato-
scope image of the cornea shows the spatial relationship between the reflected
rings and the reconstruction (Fig. 5.8). Focal irregularities due to corneal pathol-
ogy or tear film disturbance can be matched to the map. The alignment of the cone
relative to the cornea can also be confirmed. Poor alignment can lead to the erro-
neous diagnosis of astigmatism, keratoconus or decentration of a refractive
procedure.

Pupil

Graphical markers can be overlaid upon topography maps to provide further
information.

Table 5.4 Overlays which can be added to topography maps to provide more information

Overlays Form Applications

Pupil margin Circle Visually important region

Pupillary size

Centration of refractive surgery

Square grid 1x 1 mm squares Size, area, location of abnormalities

Polar grid Axes at 15° intervals Axis of abnormalities

Optical zones 3,5, 7 mm rings Refractive surgery
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Fig.5.8 Semitransparent
map. Superimposition of
the colour map on the
videokeratograph shows
how the topography relates
to the whole cornea or
focal irregularities and
enables alignment to be
checked. The same map of
an eye after PRK is shown
in different formats in
Figs. 5.10, 5.15 and 5.16

The pupil margin outlines the corneal area of greatest optical importance
(Fig. 5.9). The iris acts as a stop, so irregularities within the pupil margin have a
greater effect on vision than those outside it.

In addition, the Stiles-Crawford effect operates to minimise the visual impact of
aberrations arising from light passing through the peripheral cornea. It is the result
of retinal cones being much more sensitive to light which enters the eye paraxially
than to light entering obliquely through the peripheral cornea. An overlay can be
superimposed upon a topography map to demonstrate the relative importance of
different parts of the cornea in the formation of the retinal image. The peripheral
cornea is shaded darker, leaving the bright colours at the centre, which is optically
more important (Fig. 5.9).

The size and centration of the pupil vary with the level of background illumina-
tion. However, if this is standardised while the examination is performed, the iden-
tification of abnormally large pupils may help with the planning of the diameter of
the optical zone in refractive surgery. The relative position of the pupillary centre
and the centre of a treatment zone is a rough guide to whether a refractive procedure
is likely to have been decentred.

Grids

The square grid is composed of horizontal and vertical lines 1 mm apart (Fig. 5.10).
It is particularly useful for estimating the size, area or position of features, such as
a corneal scar. The polar grid gives the axis of abnormalities such as irregular astig-
matism or radial keratotomy scars.
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Fig.5.9 Pupil and
Stiles-Crawford effect. The
importance of different
parts of the cornea to its
optical effect can be
determined in two ways.
(a) Adding the pupillary
overlay encircles the area
of the cornea that makes
the greatest contribution.
(b) The Stiles-Crawford
facility shades more darkly
those peripheral areas of
the cornea which
contribute least to the
retinal image

Optical Zones

The optical zones are rings 3 mm, 5 mm and 7 mm in diameter. They can be valu-
able in refractive surgery for planning procedures or assessing results. They also
demonstrate the area of the cornea anterior to the pupillary aperture when the pupil
is of different sizes.

Axes

An axis is the meridian of either greatest or least slope. They may be calculated for
the cornea as a whole (orthogonal), for a couple of separate zones (zonal) or indi-
vidually for each diameter (each ring in the case of videokeratoscopes) (Table 5.5).
The derivation of these values will be described for videokeratoscopy, although the
method can be applied to data obtained by other techniques.
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Fig. 5.10 Square grid and cursor. Overlying a square grid shows that the diameter of the PRK
treatment zone is 6 mm. The coordinates of the centre of the pupil are given in the bottom right
corner. The cursor has been moved to the centre of the treatment zone, and the parameters of this
point are given in the cursor box in the top right corner. This shows that the treatment is displaced
from the visual axis by a distance of 0.73 mm along an axis of 259°. The box on the right lists some
of the other display options

Table 5.5 Astigmatic axes which can be added to a corneal topography map to provide additional
information

Axes Derivation Applications
Orthogonal | Meridian with greatest mean power in central Equivalent to the
3 mm zone and the axis at 90° to it keratometer

Only of use in regular

astigmatism
Zonal Steepest and flattest axes in the 3 mm, 5 mm and Data provided in statistical
7 mm zones indices box
Instantaneous | Continuous lines joining points of maximum “True axes”
power or minimum power on each ring Useful in irregular
astigmatism

Their derivation is described for videokeratoscopes, although similar techniques can be applied to
topography obtained by other techniques
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Orthogonal Axes
The orthogonal axes represent the major and minor meridians (Fig. 5.11a). They are
determined by averaging the power from the rings within the central 3 mm zone
along every meridian. The major axis is that meridian with the greater average
power. The minor meridian lies at right angles to the major meridian, and is not
necessarily that with the lowest average power.

These axes simulate those measured by the keratometer. As such, they provide a
limited amount of information.

Zonal Axes

The zonal axes are the steepest and flattest meridian within the 3 mm, 5 mm and
7 mm zones (Fig. 5.11b). The statistical indices box displays the numerical values
for power (dioptres), radius of curvature (mm) and axis (degrees) for each of the
four axes, in each of the three zones.

Instantaneous Axes

The instantaneous axes are the true major and minor axes (Fig. 5.11c). They are
continuous lines joining points of maximum or minimum power on each ring. The
information they provide is more detailed than that given by the orthogonal or
zonal axes and demonstrates that axes are not necessarily radial or perpendicular.

Three-Dimensional Representations
Three-Dimensional Wire Net

The three-dimensional wire net was one of the earliest ways in which corneal topog-
raphy was represented. Current computer software can formulate these representa-
tions relatively easily to provide visual impact, but they have the disadvantage of
only demonstrating relatively gross irregularities of the corneal surface (Fig. 5.3c).
A more sensitive way of using three-dimensional nets is to plot the difference from
a sphere of known size [7, 8] or from an idealised corneal shape [10]. However,
most systems rely upon two-dimensional maps and cross sections to provide clini-
cally relevant information.

Cross Sections
Height Cross Sections
Cross sections only contain data from one axis, but they are a very sensitive way of

displaying local irregularities. Plotting two cross sections simultaneously enhances this:
one from a relatively normal axis and one from an affected axis (Figs. 5.3a and 5.12).
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Fig.5.11 Astigmatic axes. (a) Orthogonal axes are suitable for regular astigmatism to show the
spherocylindrical keratometry of the central 3 mm in the major (steepest) axis and in the minor axis
90° to it. (b) Zonal axes show the steepest and flattest meridian within the 3 mm, 5 mm and 7 mm
zones, the numerical values of which are displayed in the statistics box on the right. The irregular-
ity of this postkeratoplasty astigmatism is shown by the variation in the position of the steepest and
flattest meridian in the different zones. (¢) Instantaneous axes join the points of maximum or mini-
mum power on each ring. In this case of peripheral guttering, the axes are neither radial nor orthog-
onal. Good vision would not be achieved by a spherocylindrical spectacle prescription. The left eye
of the same patient is shown in Fig. 9.5
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Fig.5.11 (continued)

Refraction Profile

The refraction profile is the power of the cornea in the major and minor axes plotted
against the zone diameter (Fig. 5.13). The difference between the two axes is the
astigmatism.

Isometric Map

On an isometric map, the rings are straightened into lines from 0 to 360° (Fig. 5.14).
The dioptric power of each point on a ring is plotted against the axis on which it lies.
Isometric maps are displayed both two dimensional, when the lines appear superim-
posed as if viewed from the side, and three dimensional, when the lines are spread
out, as if viewed from a higher point. The straighter the lines, the more spherical the
cornea. This is particularly useful for determining whether astigmatism is regular
and quantifying how it changes over time [16].

Multiple Displays
Serial Maps
Many devices provide an option of displaying two to six maps simultaneously.

However, each map is usually smaller than in the single displays, resulting in a loss of
detail. When making comparisons, it is important that the scale of the maps is the same.
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Fig.5.12 Height cross
section. In this patient with
a peripheral corneal gutter
(map in Fig. 8.4), plotting
both the affected axis (90°,
red) and the unaffected
axis (180°, black)
demonstrated that the
gutter was 1.25 mm wide
and 175 pm deep
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Fig. 5.13 Refraction profile. (a) The colour map shows moderate keratoconus. (b) The refraction
profile plots the dioptric power across the corneal diameter in the steepest (red) and flattest (blue)
meridia. The temporal and nasal portions of the cornea (blue line) are relatively symmetric and
show the normal degree of flattening from the centre to the periphery. The inferior cornea is steeper
than the superior cornea (red line), as is typical of keratoconus. The astigmatism (green line) is the
difference in power between the steepest and flattest meridian at a given distance from the corneal
centre (note the inversion of the axis: greater astigmatism is shown lower down)
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Fig.5.13 (continued)

Fig.5.14 Isometric map. The power of the points on each ring are plotted against their axis, as if
the rings have been straightened out. The colour map for this case of mild keratoconus is shown in
Fig. 5.7. (a) Two-dimensional view showing that the cornea is steepest in the 270° meridian. (b)
Three-dimensional view showing that the steepening is greatest nearer the centre (at the front of
the graph) than in the periphery (towards the back of the graph)



74 5 Presentation of Topographic Information

Difference Maps

A difference map represents the change in corneal contour from one time point to
another. It is calculated by subtracting the first map from the second [17] (Fig. 5.15).
This is useful for demonstrating the change occurring as a result of a surgical pro-
cedure or during the subsequent healing phase. However, the reliability of such
maps is dependent upon the accurate alignment of the equipment whilst both images
were obtained [18].

Fourier analysis of a difference map can separate the four different components
of change: spherical, skewness, regular astigmatism and residual astigmatism [19].
This enables each aspect of the induced change to be analysed separately.

Some systems contain software which plots the difference between a measured
map and the ideal aspheric cornea [9]. The ideal cornea for an individual is calcu-
lated using the measured central corneal power for that individual and an asphe-
ricity index of —0.26. The difference map generated demonstrates how the contour
of the cornea differs from normal and is particularly useful for diagnosing corneal
diseases, such as keratoconus, in which the cornea changes its overall shape.

SHOOTH =

(Difference>

SHOOTH = 1

Fig.5.15 Difference map. Following PRK, subtraction of (a) the map taken at week 1 postopera-
tively from (b) the preoperative map gives (c¢) the change in topography which has occurred as a
result of the treatment. There has been no significant change outside the treatment zone and maxi-
mal change at the centre of the treatment zone
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Tailored Displays

To facilitate the application of corneal topography in clinical practice, some
systems provide the option of multiple displays containing the elements most
pertinent to a particular clinical activity [20]. For example, a display tailored to
the diagnosis of corneal pathology contains a standardised map, normalised
map, profile difference map, distortion map and indices relating to astigmatism,
the pupil and predicted visual function [9]. A tailored display for incisional
refractive surgery contains maps of the anterior and posterior corneal elevation,
axial power and pachymetry and indices relating to the astigmatism in different
zones. Some software contains nomograms which can calculate the site and
depth of the incisions required. Displays specific to contact lens fitting are
described in Chap. 7.

Numeric and Statistical Displays

Numbers can be used to provide topographic information in two ways. Firstly, the
actual measurements can be listed for a small number of points (e.g. in the cursor
box or numeric maps). Secondly, statistical analysis can generate numbers which
summarise a particular feature of the whole cornea.

Numbers have the advantage that they are amenable to further statistical analy-
sis. This is important when studying groups of patients or making objective com-
parisons. However, their disadvantage is that they ignore much of the available data,
and as a result, detailed topographic information is lost.

Cursor Box

The cursor is a movable point marker. Its initial or default position is at the corneal
reflex centre (the corneal apex). The mouse or arrow keys can then be used to move
it to any other position on the map (Figs. 5.1 and 5.10).

The cursor box provides information about the cornea at the single point over
which the cursor lies (Table 5.6). This includes its radius of curvature and power and
its distance and axis from the corneal reflex centre or the entrance pupil centre
(Chap. 6).

In this way the cursor may be used to provide information about an area of inter-
est, such as the steepest portion of a cone. It can also be used to measure distances,
such as the decentration of a refractive treatment zone.
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Table 5.6 Information Cursor box
displayed in the cursor box

Corneal data at site of cursor

Radius of curvature (mm)

Dioptric power (D)
Position of cursor from videokeratoscope centre and/or
entrance pupil centre

Axis (°)

Distance (mm)

Numeric Map

The numeric map gives about ten numeric values (dioptres or mm curvature) along
8—16 meridians (Fig. 5.16). This replaces the need to refer to the scale when deter-
mining the contour of a certain point or when comparing two maps [21]. For groups
of corneas, the topography of discrete regions can be represented numerically to
make the data amenable to statistical methods [22-24].

Statistical Indices

Statistical indices (parameters/quantitative descriptors) (Table 5.7) are numbers,
which summarise a particular feature of the cornea [25-27] (Figs. 5.1, 5.10 and
5.16). These can then be compared to a normal range or grouped to summarise the
topography of several patients, as in clinical trials. Different commercial systems
may give indices different names, but they are calculated in a similar way and per-
form the same functions.

Simulated Keratometry Readings

The simulated keratometry readings (SimK) provide information equivalent to that
measured by the keratometer and are therefore primarily for historical reference.
They are calculated by determining the average power along each meridian in the
central (within the 3 mm zone) or paracentral (rings 7-9) area. The major axis is that
with the greatest power, and the minor axis is at 90° to it. Alternatively, the mini-
mum keratometry reading (Min K) can be calculated, which is the meridian with the
lowest mean power. The cylinder is the difference between the major and minor
axes. These readings have the same limitations as keratometry [28].

Sphero-Equivalent Power

The sphero-equivalent power (SEP) is the effective refractive power of the cornea
within the 3 mm pupil zone, taking into account the Stiles-Crawford effect. It is
calculated using data from all meridians. For corneas with irregular astigmatism,
it is more reliable than keratometry for the calculation of the power of an intraocu-
lar lens.
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Fig. 5.16 Numeric map and statistical indices. The colour map of this case of PRK is shown in
Fig. 5.10. This numeric map gives that actual value of the power at about 100 corneal locations. This
may be useful when analysing the data from groups of patients. The surface regularity index (SRI) is
elevated due to the rapid changes in power which occur between adjacent points, particularly towards
the edge of the treatment zone. The surface asymmetry index (SAI) is elevated because the treatment
is slightly decentred, resulting in differences in power between opposite points. As a result of this
irregularity, the potential visual acuity (PVA) reduced. The simulated keratometry readings (SimK)
give the paracentral power in the steepest axis and at 90° to it, whereas the minimum keratometry read-
ing is taken from the flattest index. These values are also shown in red because they are abnormally flat
due to the treatment. The astigmatism (cyl) is the difference between the SimK values

Asphericity

In the conic equation describing the shape of the normal cornea, the value for asphe-
ricity (Q) is —0.26. If the cornea is flatter than normal in the midperiphery, Q will be
more negative. If it is steeper than normal in the midperiphery, as after radial kera-
totomy, Q will be less negative or even positive [9, 29-32].

Surface Asymmetry Index

The surface asymmetry index (SAI) is a measure of the difference in corneal
powers between points on the same ring 180° apart. This is calculated from over
the entire corneal surface, although the central points are given more weighting.
The power distribution across a normal corneal surface is fairly symmetrical
(SAI <0.5). Therefore the SAI can be a useful quantitative indicator of the
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Table 5.7 Statistical indices presented in topographic displays

Statistical index/
parameter

Description

Application

Simulated
keratometry readings
(SimK)

Axis of greatest power in the
central cornea and the axis at 90°
to it

Comparison with keratometer
readings limited

Sphero-equivalent
power (SEP)

Effective refractive power within
3 mm zone

Calculation of IOL power in
irregular astigmatism

Asphericity (Q)

Flattening or steepening of
midperiphery

Optical aberrations following
refractive surgery

Surface asymmetry
index (SAI)

Difference between opposite
semimeridians

Progression of corneal disease

Inferior-superior
value (I-SV)

Power difference between superior
and inferior cornea

Differentiation of keratoconus
from normal corneas

Keratoconus
prediction index
(KPI)

Derived from eight other indices

Detection of keratoconus and
differentiation from other corneal
disease

Surface regularity
index (SRI)

Corneal uniformity
index (CUI)

Root-mean-square
deviation (RMS)

Local variations in corneal contour

Detection of irregular
astigmatism

Potential visual
acuity (PVA)

Predicted corneal
acuity (PCA)

Range of acuity expected, based
on topography alone; correlated
with SRI

Effect of irregular astigmatism on
acuity

Similar indices are used by different commercial devices but may be given different names

progression of corneal diseases such as keratoconus or peripheral corneal gut-

ters [26, 33].

Inferior-Superior Value

The inferior-superior value (I-SV) is a method similar to the SAI designed to dif-
ferentiate keratoconus from normal corneas [34]. It is calculated from the refractive
power difference between five inferior points and five superior points 3 mm from
the centre at 30° intervals.

Keratoconus Prediction Index
The keratoconus prediction index (KPI) is a much more specific but more complex
index derived from the SimK, SAI and five other indices [35, 36], (Table 10.2).

Surface Regularity Index

The surface regularity index (SRI) is a measure of the local regularity of the cor-
neal surface within the central 4.5 mm diameter. Within this area, the power of
each point is compared with that of the points immediately surrounding it. This
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index correlates well with visual function. Normal corneas have low SRI values
(SRI < 1.0), whereas those with poor visual potential due to irregular astigmatism
have high values. A similar measure is the corneal uniformity index (CUI), which
varies from 0% if the cornea is completely irregular to 100% if it is completely
uniform. In systems measuring corneal height, surface smoothness can be calcu-
lated from the root-mean-square (RMS) deviation from the best-fit surface [37].

Potential Visual Acuity

The potential visual acuity (PVA) or predicted corneal acuity (PCA) is the estimated
range of visual acuity which could be expected, if the cornea was the only factor-
limiting vision. Corneas with irregular astigmatism have lower potential acuities.

Optical Aberrations
The eye has significant optical aberrations [38—40], which may be altered by cor-
neal refractive procedures [41].

Ray-tracing techniques and corneal modulation transfer functions can be applied
to corneal topography maps to estimate the severity of various optical aberrations
generated, including spherical, chromatic and coma [42, 43]. Wavefront aberrome-
try has enabled a greater understanding of these optical imperfections and improved
outcomes following laser refractive surgery (see Chaps. 13 and 14).

Interpretation
Application of Basic Principles

Any topography map can be interpreted if it is approached systematically and the
basic principles are applied.

Pattern Recognition

With experience, pattern recognition contributes to the interpretation of maps,
which as a result becomes faster. However, before studying the topography of cor-
neas with pathology or which have undergone surgery, it is most important to be
familiar with the appearance of normal corneas (Chap. 6). Also it is necessary to be
able to distinguish between those abnormalities on the maps which are due to arte-
fact and those arising from the cornea itself.

To aid the description and comparison of topographic maps, several authors have
devised classifications for the patterns typical of normal corneas and those occurring
in corneal disease or as a result of surgery. These are described in the relevant chap-
ters. Although there is high concordance between individuals classifying maps, it
would be more objective for a computer to assign maps to the appropriate category.
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Neural Networks

In other fields, such as the analysis of fundus photographs in diabetic retinopathy,
significant progress has been made with artificial intelligence (AI) and its ability to
recognise disease patterns. In a recent study by Gulshan et al., researchers assessed
9963 images from 4997 patients to train a computer to recognize diabetic retinopa-
thy. The computer achieved 97.5% sensitivity and 93.4% specificity [44]. Similar
programs are under development in glaucoma screening. Given the relative simplic-
ity of the images generated by corneal topography compared to those of the fundus,
similar rapid progress may be seen in this field [45].

Artificial neural networks are composed of many similar elements, akin to neu-
rons, which are multiply interconnected by electronic or optical links, correspond-
ing to axons and dendrites with synapses [46]. As information passes through the
network, it modifies the electronic or optical properties of the semiconductor com-
ponents, thereby altering the ease with which later information can traverse the
same pathway. This process is termed “Deep Learning”. Most learning algorithms
would require a very large number of training cycles, in which a topography map is
presented to the computer and its classification entered. A recent study has shown
that a deep learning Al algorithm was as accurate in detecting skin cancer as board-
certified dermatologists [47].

Further development of this technology will require a greater knowledge of the
operation of large complex networks, either from observation of the nervous system
and the way it functions or from theoretical models.
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Normal Topography

The assessment of corneal topography is a valuable tool in the diagnosis and man-
agement of certain corneal conditions. However, before using this technique to
diagnose abnormalities of corneal shape, it is vital to have a good understanding of
the normal corneal shape and its natural variations. When abnormalities of corneal
topography are detected, it is also important to be able to determine whether these
are a result of abnormalities of the cornea itself, or whether they are artefacts arising
from errors in image acquisition or analysis.

Normal Corneal Shape
Corneal Anatomy and Optics

The cornea has a unique structure, quite unlike that of any other tissue in the body.
As a result of its position forming the wall of the anterior portion of the globe, the
cornea has to meet strict physical criteria and perform a variety of specialist func-
tions. As part of the tough outer coat of the eye, the cornea, together with the sclera,
should maintain the intraocular pressure, support the intraocular structures and
resist trauma and infection.

However, in addition to its mechanical function, the cornea has two major roles
in vision. Firstly, its anterior surface is the major refractive element of the eye,
responsible for bringing an image to a focus. Secondly, it is transparent to enable
light to be transmitted to the retina.

Anterior Corneal Surface

The cornea contributes two-thirds of the total refractive power of the eye. The
remainder is provided by the lens (Table 6.1). The greatest refractive effect is
achieved at the interface between the air and the tear film, as this represents the
greatest change in refractive index in the light pathway. The power generated at
this interface is determined by its shape, and that is in turn dependent upon the
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Table 6.1 Anatomical and Anterior segment structures | Average | Range
optical indices of the normal

anterior segment

Refractive index

Air 1.0
Cornea 1.376
Standard keratometric 1.337
index (SKI)
Corneal epithelium 1.401
Anterior corneal stroma | 1.380
Posterior corneal 1.373
stroma
Aqueous 1.336
Lens 1.38-
1.42

Central radius of curvature

Anterior corneal surface 7.8 mm 7.0-8.6 mm

Posterior corneal surface 6.7 mm

Dioptric power

Anterior corneal surface 49.50 D
Posterior corneal surface —6.00D
Net corneal power 43.50 D 3948 D
Net lens power 20.00 D
Total power of the eye 63.50 D
Thickness
Central cornea 0.56 mm
Peripheral cornea 1.20 mm
Corneal epithelium 0.06 mm | 50-60 pm

The method of converting radius of curvature to power is
described in Chap. 1. The standard keratometric index
(SKI) is the index used to calculate the net corneal power
from the anterior corneal curvature

shape of the underlying anterior corneal surface. In the normal cornea, the average
central radius of curvature is 7.8 mm, which contributes a refractive power of
49.50 D.

Posterior Corneal Surface

The posterior corneal surface has a slightly steeper radius of curvature (6.7 mm)
than the anterior surface, because the cornea is thicker in the periphery than in the
centre. It has a negative power (—6.00D) because light diverges as it passes through
a convex surface from a medium of higher refractive index to one of lower refractive
index. The posterior surface is less important in refraction, as there is less difference
between the refractive indices of the cornea and the aqueous. The combination of
the effects of the anterior and posterior corneal surfaces gives an average net central
corneal power of 43.50 D.

Net Corneal Power
The net power of a lens system is the sum of the power of its components. For the
power of the cornea (Pc, in dioptres), this can be approximated to the sum of the
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powers of its anterior (P,) and posterior (Pp) surfaces. As described in Chap. 1, for
any surface of radius of curvature r (in metres), bounded by media with refractive
indices n; and n,:

if: Pc= Py + Py

n,—n  n,—n
then . =—2—1+3 2

N 3

For any case, the refractive index of air (n;) is 1. The anterior corneal curvature (7,)
is measured by corneal topography. However, it is not possible to measure the pos-
terior corneal curvature (rp) or the refractive index of the cornea (n,) or the aqueous
(n3). In clinical practice, these three variables are replaced by the standard kerato-
metric index (SKI):

_SKI-1

N

F

Therefore, the SKI is a combined estimate of the posterior corneal curvature and the
refractive indices of the cornea and the aqueous. In the normal eye, it has a value of
1.3375. Therefore:

P.=03375/r,

or, if the radius of curvature is expressed in millimetres rather than metres:

P.=337.5/R, (inmm)

Corneal Asphericity

The central 4 mm of the cornea is approximately spherical. Outside this, the periph-
eral cornea is aspheric and radially asymmetric: the radius of curvature changes
from centre to limbus, and does so at different rates along different semimeridians
[1-3]. The profile of a cornea along any meridian can be considered as part of an
ellipse [4]. The normal cornea has a prolate shape, as occurs at the narrow end of an
ellipse, meaning that it becomes flatter from the centre to the periphery (Fig. 6.1).
The reverse pattern is an oblate shape, as occurs on the long side of an ellipse. This
is only seen in abnormal corneas, for example, after radial keratotomy [5].

Many authors have tried to describe the complex aspheric asymmetric shape of
the normal cornea either mathematically or graphically [6, 7]. However, no method
is entirely accurate. In the conic equation, the value Q represents the corneal asphe-
ricity [8] (Table 6.2). For a sphere, Q = 0. For prolate surfaces (flatter in the periph-
ery) O <0, and for oblate surfaces Q > 0.

The level of sophistication required from any method of representing the corneal
surface is dependent upon its potential applications. Fortunately in the routine
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Zones
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Fig. 6.1 Zones of the cornea. Diagrammatic representation of the right cornea in vertical section
(left) and from anteriorly (right). The cornea is horizontally oval and steeper centrally than in the
periphery. Its anterior surface can be arbitrarily divided into four zones: central, paracentral,
peripheral and limbal

Table 6.2 Corneal asphericity

Asphericity (Q) Shape Description Example

>0 Oblate Peripheral steepening Radial keratotomy

0 Spherical Uniform curvature Steel calibration ball
<0 Prolate Peripheral flattening

—0.26 Prolate Mild peripheral flattening Normal cornea

< —0.26 Prolate Marked peripheral flattening Keratoconus

The Q value describes the extent to which the cornea becomes steeper or flatter from the centre
towards the periphery

clinical setting, it is often sufficient to liken the cornea to a spherocylindrical lens,
as proven by the number of optical defects which can be adequately corrected by
simple spectacle lenses.

Astigmatism
Astigmatism can be defined as the refractive error in which no point focus is formed
owing to the unequal refraction of light in different meridians [9]. It may originate
from asymmetry or decentration of the optical surfaces of the eye, or irregularities
in refractive index (Table 6.3).

Astigmatism was first recognised by the English scientist Thomas Young in
1801, who described the defect in his own eyes [10]. The optics of the condition
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Table 6.3 Astigmatism — definitions, aetiology and types

Astigmatism
Definition Refractive error
No point focus is formed
Unequal refraction of light by different meridians
Aetiology Asymmetry in the curvature of the optical surfaces of the eye
Decentration of optical surfaces of the eye
Irregularities in the refractive index of the ocular media
Regular astigmatism Uniform change in power from one meridian to the next
Major and minor axes perpendicular
Irregular astigmatism Curvature conforms to no geometric pattern
“With-the-rule” astigmatism | Steeper curvature vertically
Corrected by negative cylinder at axis 180°
“Against-the-rule” Steeper curve horizontally/corrected by negative cylinder at 90°
astigmatism

were subsequently clarified by Donders [11]. He distinguished between regular and
irregular astigmatism. Regular astigmatism is where the refractive power changes
gradually from one meridian to the next by uniform increments. Irregular astigma-
tism is where the changes in the curvature of the meridians conforms to no geomet-
ric pattern.

The most common cause of astigmatic error is due to the astigmatic curvature of
the anterior corneal surface. This may occur both physiologically and pathologically.
The average difference between the refractive powers of the major and minor cornea
meridians usually lies between 0.50 and 1.00D. In about 90% of eyes, the meridian
of greatest curvature is within 30° of the vertical meridian [1]. This is termed “direct”
or “with-the-rule” astigmatism. This physiological tendency for the cornea to have a
steeper curvature vertically has not been adequately explained [12]. It is usually neu-
tralised by inverse astigmatism in the posterior corneal surface or the lens.

Zones of the Corneal Surface

Classically, the corneal surface has been arbitrarily divided into four zones [4]
(Fig. 6.1). These divisions are somewhat variable as the corneal surface is smooth,
and one zone blends with the next; but the concept is useful when describing the
normal corneal shape and has practical applications such as the fitting of contact
lenses.

Central Zone

The central zone (otherwise called the apical zone, corneal cap, optical zone, or
central spherical zone) is the optically important area about 4 mm diameter which
is approximately spherical: its curvature does not vary by more than 0.05 mm
(0.25D) [13-15]. This is surrounded by the corneal periphery which is divided into
three zones: paracentral, peripheral and limbal.
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Paracentral Zone

The paracentral zone is an annulus 4 to 7-8 mm diameter, which normally has a
flatter radius of curvature than the central zone. After radial keratotomy, it is the site
of the paracentral knee, where there is a marked steepening of the cornea around the
flattened central area. Together with the central zone, it forms the apical zone used
for contact lens fitting.

Peripheral Zone

The peripheral zone is the area of maximal corneal flattening and radial asymmetry.
The peripheral curvature of a contact lens should be fitted to the shape of the cornea
in this region, where it obtains most of its support.

Limbal Zone
The limbal zone is a rim 0.5—1 mm wide adjacent to the sclera. It is usually covered
by the conjunctival vascular arcade, and its exact extent depends upon the amount
of scleral over-ride. Here, there is a focal steepening to form the scleral sulcus. It is
a common site for surgical incisions and conditions such as peripheral corneal melts
Topography techniques, such as videokeratoscopy, which are based on the prin-
ciple of reflection, have difficulty in imaging this area; and even if an image can be
obtained, the analysis algorithms are less accurate in the periphery. In contrast, good
images can be obtained using projection techniques, and the accuracy of the recon-
struction is uniform across the whole area.

The Corneal Centre

The centre of the cornea can be defined in a number of ways. This arises firstly due
to the complex shape of the cornea itself, and secondly because the cornea is part of
a multicomponent optical system. There are four commonly used corneal centres

(Table 6.4), the relative positions of which can vary among individuals [9] (Fig. 6.2).

Table 6.4 Definitions and applications of the corneal centres

Anterior Posterior
Corneal centre point Corneal point point Applications
Geometric GCC Equidistant from Contact lens
corneal centre opposite limbuses fitting
Corneal reflex CRC | Fixation | Corneal apex Topography
centre point W
(strabismus)
Entrance pupil EPC | Fixation | Corneal intercept | Entrance Refractive
centre (line of point pupil centre | surgery
sight)
Visual axis centre | VAC | Fixation Corneal intercept | Fovea Visual function
point Cover test
(strabismus)

The axes of the eye are defined by the anterior and posterior points lying on them
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Fig. 6.2 Corneal centres. I
Diagrammatic

representation of the right Temporal
cornea in horizontal
section (above) and from
anteriorly (below),
showing the typical
positions of the corneal
centres and how they are iy
defined. From

inferotemporal to Superior
superonasal are the:
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Geometric Corneal Centre

The geometric corneal centre (GCC, or anatomic corneal centre) is where the lon-
gest horizontal and vertical surface arcs intersect, or, in other words, the point equi-
distant from opposite portions of the limbus. It has no special refractive significance
as the refractive elements of the eye are not coaxial, but it is used in contact lens
fitting.

Corneal Reflex Centre

The coaxially sighted corneal reflex centre (CRC) is, as its name suggests, the site
of the corneal light reflex when the cornea is viewed coaxially with the light source.
By definition, this is the corneal apex, because when the eye is fixating a light
source, the corneal surface will only be perpendicular to approaching light rays at
the point of greatest sagittal height [16]. The corneal light reflex is used for centring
reflection-based topography systems, such as videokeratoscopes. In conditions like
keratoconus, and after refractive surgery, the corneal reflex centre may be markedly
displaced from the other corneal centres.

Entrance Pupil Centre

The coaxially sighted entrance pupil centre (EPC) lies at the corneal intercept of a
line joining the fixation point with the centre of the pupil. This is called the “line of
sight” by some authors, because the pupillary aperture determines the image-
forming bundle of rays which reach the retina [17]. However, the ray passing
through the centre of the pupil has no special optical significance as to the part of
the cornea or retina on which it falls.
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The entrance pupil centre is commonly used for centring refractive surgical proce-
dures. This is because the pupil is easy to see, and its use appears to give good clinical
results. However, the reliability of this point as a marker of the corneal centre is
reduced by its variable position. The centre of the pupil can shift by as much as 0.7 mm
with changes in pupillary size, and the direction of the shift can be variable [18].

Visual Axis Centre

The visual axis centre (VAC) lies at the corneal intercept of the visual axis, which
connects the fixation point with the fovea. It is assumed to be the centre of the opti-
cally important zone of the cornea. If this is true, perhaps refractive surgery proce-
dures should be centred on the visual axis, but this point is difficult to locate
clinically. The visual axis centre is most closely approximated by the corneal reflex
centre, so some authors suggest that this would be preferable for centring refractive
procedures [19-25].

The most common relative positions of the corneal centres are from inferotem-
poral to superonasal: geometric, entrance pupil, visual axis and corneal reflex [19]
(Fig. 6.2). In 21% [26] to 28% [19] of patients, the visual axis and corneal reflex
centres are coincident. These metrics significantly affect the performance and out-
comes of popular laser-based refractive surgeries in terms of the optical and neural
image quality [27, 28].

Identification of Corneal Locations

When describing the topography of a cornea, it is important to be able to unambigu-
ously locate its different features [4].

Meridians

A meridian is a line that spans the diameter of the cornea from one point on the
limbus to a point on the opposing limbus. Each is named by the angle it makes with
the horizontal, starting with 0° at 3 o’clock, and proceeding to 180°, anticlockwise
for both right and left eyes.

A semimeridian lies on a radius, extending from the corneal centre to the limbus,
and is labelled from 0 to 360° proceeding anticlockwise from 3 o’clock. Colour-
coded contour maps routinely have these positions marked around the periphery of
the map (Fig. 6.3).

Axes
An axis is the direction in which a cylindrical lens has no power. When the term is
applied to the cornea, it describes the meridian along which the axis of the correct-
ing lens would be placed. For example, if a cornea is steep in the vertical meridian,
it would be corrected by a negative cylinder with its axis at 180°.

Polar coordinates are used to describe the position of individual points in terms
of their axis and their distance in millimetres from the centre of the cornea. A polar
grid consisting of axes and concentric rings 3, 5 and 7 mm in diameter can be
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Fig. 6.3 Topography of normal corneas. Normal corneas have been classified as having five
types of pattern. (a) Round. The focal steepening inferiorly is due to the lower tear meniscus. (b)
Oval. (¢) Symmetric bow tie. (d) Asymmetric bow tie. The bow tie patterns are associated with
higher degrees of astigmatism. The fifth pattern is irregular and can have many different appear-
ances. Note the semimeridians labelled in degrees around the periphery of each map

superimposed upon a topography map. The polar coordinates of an individual point
can be obtained by marking the point with the cursor and reading the information
from the cursor box.

Normal Variations in Corneal Shape

Within a normal population, there are a variety of corneal shapes compatible with
good vision. The exact morphology of an individual’s corneas is unique [1].
Identification of the extent of the spectrum of normality is necessary before the diag-
nosis of an abnormal corneal shape can be made. It may also help us to understand
the relationship between corneal topography, refractive error and visual function and
to determine which topographic characteristics are optically or visually important.
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Knoll [29] was the first to propose a classification. From photokeratographs, he
categorised patients into four groups on the basis of their central corneal asymmetry
and the amount of peripheral flattening along the horizontal meridian. With the
advent of the videokeratoscope and more recently, Scheimpflug camera-based
devices, it is now possible to make a classification using data from the whole cor-
neal surface.

Classification of Normal Corneas

Bogan and Waring et al. [30] have described five videokeratoscopic patterns which
lie on a spectrum of normal corneal shape: round, oval, symmetric bow tie, asym-
metric bow tie and irregular (Table 6.5, Fig. 6.3). They examined single eyes of 216
normal individuals. The topography maps were displayed using a normalised scale,
in which the scale is automatically adjusted to fill the range of curvatures present on
that individual cornea. They classified the cornea according to the shape of the con-
tour corresponding to the middle of the scale. Their classification has since been
expanded by other authors [31, 32], and similar methods have been applied to the
classification of maps obtained using projection-based techniques [33].

Spherical

In their survey, Bogan et al. found that the predominant pattern was round (Fig. 6.3a)
in 22.6%, and oval (Fig. 6.3b) in 20.8%. Surprisingly, patients in these two groups
showed no difference in astigmatism, but this may be because both refraction and
keratometry make measurements in only a small central area of the cornea.

Table 6.5 Classification and incidence (%) of topographic patterns found in normal corneas,
measured by videokeratoscopy [154, 938] and projection techniques [999]

Videokeratoscopy Projection
Bogan et al [30] ‘ Rabinowitz et al [31] Naufal et al [33]
Spherical
Round 23 | Round 21 |Island 29
Oval 21 | Oval 25

Superior steepening 4

Inferior steepening 12
Astigmatic
Symmetric 18 | Symmetric bow tie 20 | Regular ridge 17
bow tie Symmetric bow tie with skewed axes 2 | Incomplete 23

ridge

Asymmetric 32 | Asymmetric bow tie, inferior steepening | 7 |Irregular ridge |28
bow tie Asymmetric bow tie, superior 3

steepening

Asymmetric bow tie with skewed axes 1
Irregular

Irregular ‘ 7 ‘Irregular ‘ 6 ‘Unclassiﬁed 3
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Astigmatic

The videokeratoscopy representation of a toric surface has the appearance of a bow
tie (Fig. 6.3c, d), with the bows of the tie aligned along the steeper meridian (Chap.
1). This configuration arises from the fact that videokeratoscopes use a reflected
image to measure the slope of a surface and express the result as radius of curva-
ture. In contrast, projection-based systems, which measure the corneal height,
depict a toric surface as a series of concentric ellipses with their long axis in the
flatter meridian, similar to the contours of a geographical ordinance survey map. If
a best-fit sphere is subtracted from the corneal height data, astigmatism appears as
aridge [33].

In Bogan’s study [30], a bow tie pattern was present in 49.6% of patients (Sym-
metric bow tie in 17.5%, asymmetric bow tie in 32.1%). Astigmatism was much
more common in this group, particularly in those with symmetric bow ties
(Fig. 6.3c). In patients with bow tie patterns but no astigmatism, one must assume
that either the central portion of the cornea is spherical or that the corneal toricity is
matched by inverse lenticular astigmatism (the incidence of keratometric astigma-
tism was higher than for refractive astigmatism).

In a normal eye, an asymmetric bow tie (Fig. 6.3d) represents radial asymmetry
in the rate of change of the radius of curvature from centre to periphery. The same
pattern is also obtained in cases of contact lens warpage or early keratoconus, or as
an artefact due to eccentric fixation by the subject or decentration by the operator.
This demonstrates how the boundaries between normality and disease are not
always easily defined and that a diagnosis should not be made on the topography
alone, but in conjunction with the clinical history and examination.

7.1% of patients had an irregular pattern which did not match any of the other
four patterns. Surface irregularity can also result from eccentric fixation, improper
focusing or tear film abnormalities.

Enantiomorphism

Bogan found a striking degree of similarity between the two eyes of the same indi-
vidual (Fig. 6.4). In 60% of subjects, both eyes were assigned to the same group,
and in 79%, both eyes were either round/oval or bow tie or irregular. An individual’s
corneas are frequently enantiomorphic: the topography of one cornea is the mirror
image of the fellow eye [1]. This is not surprising when one considers that other
anatomical structures such as ears or fingerprints also display enantiomorphism. It
can be helpful to utilise this feature when deciding whether a cornea is normal or
not, by comparing its topography with that of the fellow eye.

Variations in the Shape of Individual Corneas

Lifetime Variation

Small changes in corneal astigmatism occur throughout life. In infancy, the cornea
is fairly spherical. During childhood and adolescence, it becomes astigmatic “with-
the-rule”: in about 90% of individuals, the cornea is steepest in the vertical
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Fig.6.4 Enantiomorphism. The right (a) and left (b) eyes of the same individual commonly show
mirror image topography. This patient’s spectacle prescription included a —2.00D cylinder at axis
20° for the right eye and160° for the left eye. In cases of corneal disease or surgery, it is useful to
compare the topography of the eye being studied with the normal other eye. This gives an idea of
how the topography of the affected eye might have been previously

meridian, which is corrected by a negative cylinder at axis 180°. This may possibly
result from eyelid pressure. Sphericity tends to return during middle age, and astig-
matism “against-the-rule” may develop later in life [34, 35].

Short-Term Fluctuations

Natural short-term fluctuations in corneal morphology are usually unnoticed by
individuals with normal corneas but may become apparent in conditions such as
bullous keratopathy, Fuchs’ endothelial dystrophy or contact lens intolerance.

Diurnal Variation

Diurnal variations in corneal curvature and thickness are thought to be caused by the
period of lid closure during sleep. Overnight, reduced tear evaporation and possibly
changes in tear tonicity lead to a thickening of both central and peripheral cornea by
about 3—8%. This usually returns towards normal within about 2 h of lid opening
and then remains fairly stable for the rest of the day. Lid pressure may cause a flat-
tening of the central cornea during sleep, which then slowly reverses throughout the
day, although no change in surface asphericity has been detected [36, 37]. It has
been suggested that lifting the eyelid away from the cornea might cause corneal
steepening [38], but no correlation has been found between eyelid tension and cor-
neal toricity [12].
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Menstrual Variation

The presence and extent of corneal changes detected during the menstrual cycle
varies between authors [39—42]. Some have correlated serum oestrogen levels
with flattening and an increased thickness of the cornea. This could be explained
by oestrogens increasing the hydration of the cornea, as they do in other tissues.
These changes, if real, are so small that they are almost beyond the limit of detec-
tion of topography systems and are unlikely to be of clinical significance in nor-
mal eyes.

Contact Lens-Induced Corneal Warpage

Of much greater importance than the natural variations in corneal shape are those
that arise as a result of both PMMA and hydrogel contact lens wear (Chap. 7) [43].
Corneal warpage probably occurs as a direct result of mechanical pressure from the
contact lens, but metabolic factors, such as low oxygen tension, have not been
excluded. Patients are commonly asymptomatic [44], but some lose as many as four
Snellen lines of best spectacle-corrected visual acuity or develop contact lens intol-
erance [45].

Artefacts of Corneal Topography

The previous section described the range of topographic appearances of a normal
cornea. However, a pattern outside this spectrum does not necessarily imply that the
cornea is abnormal. It is important to be able to recognise when topographic irregu-
larities are due to external influences, rather than the cornea itself.

Alignment and Focusing

The acquisition of accurate topography is dependent upon the care of the operator
and the cooperation of the patient. In videokeratoscopy and Scheimpflug-based sys-
tems, the cornea must be correctly positioned relative to the cone to fulfil many of
the assumptions made by the reconstruction algorithms (Chaps. 2 and 4). The
patient must maintain fixation of the target, and the equipment must be properly
centred and focused. Small errors in alignment can result in an irregular or asym-
metric topographic reconstruction [46—49] (Fig. 6.5). In addition, blinking or eye
movement can lead to data gaps and a poor quality scan.
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Fig. 6.5 Misalignment. (a) When the patient fixates eccentrically or the Placido cone is mis-
aligned relative to the cornea, the topography cannot be accurately reconstructed. (b) When these
errors were corrected, the patient was shown to have a normal regular cornea

Fig. 6.6 Tear film drying. Localised
drying of the tear film causes focal areas of
flattening. These commonly occur over the
steepest or most prominent parts of the
cornea. If drying causes excessive
irregularity, reconstruction may be
inaccurate or impossible in that area

Tear Film Irregularities

Another cause of spurious topography is irregularities of the tear film, because
videokeratoscopes image the air-tear fluid interface rather than the corneal epithe-
lium [50-52]. Pooling of tears in the lower meniscus produces a focal steepening
(Fig. 6.3a), and thinning of the tear film by drying shows as a localised flattening
of the surface (Fig. 6.6). Poor tear quality can interfere with the accuracy of the
measurements in a less specific manner (Fig. 6.7a, b). These artefacts can be over-
come by asking the patient to blink immediately before the image is captured
(Fig. 6.7¢).
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Fig. 6.7 Tear film irregularity. At an examination after photorefractive keratectomy, the first
colour map (b) showed marked surface irregularity, as supported by the statistical indices.
Reversion to the videokeratograph (a) revealed dark oily swirls in the tear film. The patient was
asked to blink several times, and then the repeat colour map (c) confirmed a regular corneal
surface
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Contact Lens Practice

Corneal topography can have a role in both the fitting of contact lenses and the
monitoring of the corneal profile thereafter. Many topography systems have contact
lens fitting programmes incorporated into their software to facilitate these options.

When corneal contact lenses were first introduced in the 1950s, measurements of
the anterior surface of the cornea and the posterior surface of the contact lenses were
expressed in terms of radius of curvature. This method is still largely used today,
although newer topography systems which assess true corneal shape in terms of
height are useful for the more complex corneal shapes occurring as a result of dis-
ease or surgery (Chap. 5).

Contact Lens Types

Early contact lenses were made of polymethylmethacrylate (PMMA). Although this
material is still available, it is no longer considered suitable for contact lenses, due
to its lack of oxygen permeability (Table 7.1). The development of rigid materials
with higher oxygen permeabilities leads to the introduction of rigid gas permeable
(RGP) lenses, which give a greater range of fitting options to the practitioner. These
remain useful for the correction of regular and irregular astigmatism and in compli-
cated cases requiring scleral lenses.

Contact lens practice has changed dramatically since the advent of the soft lens
in the early 1970s. Whilst rigid gas permeable (RGP) lenses are relatively popular
in Europe, soft lenses have obtained up to an 80% share of the market in some coun-
tries [1]. Two main reasons for the popularity of soft lenses have been their initial
comfort and their ease of fitting. Soft lens use has also been enhanced by the advent
of daily disposable lenses and multipurpose care solutions, but they are only useful
for regular corneas. Typically, disposable soft lenses are ‘one-fit’ lenses with few
lens design options available, and therefore fitting does not require topographic
measurements.
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Table 7.1 Comparison of different types of contact lenses

Contact lens type Advantages Disadvantages

Hard (PMMA) Good visual performance Low oxygen permeability
Limited fitting options
Contact lens-induced

warpage
Rigid gas permeable Good visual performance Individualised fitting
(RGP) required
Higher oxygen permeability than Contact lens-induced
hard warpage
Custom lens designs possible
Lenses can be modified/polished
Good lens solution compatibility
Soft Good oxygen permeability More ocular infections

Good tolerance
Easy to fit
Good for use in sport

PMMA polymethylmethacrylate

However, there has been concern about the relatively high incidence of ocular
infections, including microbial keratitis, associated with soft contact lens wear [2—
7]. It is evident from both published studies and clinical experience that RGP lenses
are much less likely to be associated with this problem and therefore provide a safer
option. As RGP lenses have some significant clinical advantages over soft lenses, it
has been important to further simplify their fitting so that this may be performed by
relatively inexperienced practitioners.

Contact Lens Designs

When fitting RGP lenses, the posterior surface (lens base curve) should be shaped
appropriately for the cornea, and then the power selected (back vertex power, BVP)
is determined by the curvature of the anterior surface (Fig. 7.1). This can be mea-
sured by keratometry in normal corneas, but it is preferable to use topography in
irregular corneas.

In recent years, there have been two developments which have facilitated the fit-
ting of RGP lenses. Firstly, corneal topography can provide detailed information
about the configuration of the anterior corneal surface. Secondly, RGP lenses have
become available with a series of standard back surface designs which are intended
to fit the majority of normal corneas, or a particular group of abnormal corneas, such
as keratoconus, post-graft, or reverse geometry lenses for very flat corneas including
those after refractive surgery. Keratometry may be sufficient for fitting RGP lenses in
regular corneas, but topography is preferable for fitting irregular corneas.



Contact Lens Designs 105
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The front curve of a contact lens is lenticulated and governs its back vertex power
(BVP). In positive lenses, the front optic radius is steeper than the back optic radius,
so the lens is thicker in the centre than the periphery (Fig. 7.1). The reverse is true
of negative lenses. Outside the front optic diameter is a portion of no optical impor-
tance which is referred to as the lenticular carrier.
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Posterior Surface

The base curve of a contact lens determines the shape of its posterior surface. This
is commonly composed of two or more curves of different radii so that it can be fit-
ted to the cornea to provide edge clearance. The central zone of the lens, with a
curvature determined by the back optic radius, is the zone of optical importance.
The peripheral zones have increasingly flatter radii of curvature to accommodate the
prolate shape of the cornea. The edge lift is an axial measure of the distance by
which the edge of the lens back surface deviates from a sphere. These can be varied
independently of the back optic radius.

The relationship of the lens base curve to the cornea becomes particularly compli-

cated when fitting special designs, such as toric or bifocal lenses. However, new
lathing technology has now enabled lens back surfaces to be accurately generated
with aspheric curves or with a combination of a spheric optic and an aspheric
periphery.
Early lens designs were created for PMMA lenses in the 1960s and 1970 [8]. The
concept of constant axial edge lift lenses was developed and has remained largely
unaltered in current RGP lens designs. Only two significant changes have been
made. Firstly, there has been a reduction in the degree of edge lift to aid comfort.
Secondly, the higher oxygen permeability of the material has enabled the back optic
zone diameter to be increased to give better pupil coverage or the overall diameter
to be increased to improve lens stability over irregular corneas. Hybrid lenses with
arigid centre and soft peripheral skirt aim to combine good vision with improved fit
and comfort. However, even the more modern versions are still associated with rela-
tively high complication rates, such as corneal vascularisation due to reduced oxy-
gen permeability.

Tear Layer Thickness

A contact lens is only in contact with the cornea over a small portion of its posterior
surface. Over the remaining area, the space in between the lens and the cornea is
filled by tear fluid (Fig. 7.2). An RGP contact lens can correct astigmatism because
its anterior surface is usually spherical, and the trapped tear layer fills any irregulari-
ties between the posterior lens surface and the anterior cornea. The interface with
the greatest change in refractive index, and therefore the greatest optical power, is
that between the air and the anterior surface of the contact lens, which is spherical.
The lens, tear film and cornea are of similar refractive index and therefore act as a
single optical component with a spherical front surface.

Custom Design Lenses

If a toric back surface has to be used to give a better physical fit in a case of corneal
astigmatism (>3D), then the anterior surface of the tear layer will be toric, and
induced astigmatism may result. This can be corrected by the front of the lens being
cylindrical [9].

With the increasing sophistication of corneal topography systems, it should be pos-
sible for their software to design the appropriate RGP lens for an individual cornea
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Fig.7.2 Tear layer thickness. Cross section through a hard contact lens fitted with minimal apical
clearance, midperipheral bearing and a degree of edge clearance (left). Tear fluid fills in the space
between the contact lens and the cornea. The thickness of this layer (right) determines the fluores-
cein pattern: the areas with a thick tear layer appear green, whereas the areas of bearing appear
black

and to control the lathing machine to produce a tailor-made lens. Videokeratoscopes
based on Placido disc technology may not be sufficiently accurate in their recon-
structions, particularly in the periphery of the aspheric cornea, to be used for this
purpose (Chap. 2). However, the development of Scheimpflug and projection-based
systems which measure the true corneal shape in terms of height may show more
promise in this field (Chap. 3).

Contact Lens Fitting

For the eye care practitioner involved in contact lens practice, the most likely clini-
cal uses of corneal topography are in relation to the fitting of RGP lenses and in the
follow-up and aftercare procedures of all types of contact lenses. However, in rou-
tine contact lens cases, keratometry remains the most common method for assessing
corneal curvature.

Assessment of Fit

Contact lens fitting involves a series of steps, each of which is usually followed by
a trial of a contact lens in the eye (Fig. 7.3). Corneal topography makes this process
more efficient by using detailed measurements and computer simulations of the
fluorescein fitting patterns, thereby reducing the number of lens trials necessary.
This is more comfortable for the patient and, by minimising the time spent on rou-
tine cases, leaves the practitioner more time for the difficult cases that require
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greater individual attention. Although topography is a useful tool which can assist
the clinician, it is unlikely to replace the experienced contact lens fitter.

Corneal Curvature

At present keratometry is routinely used by contact lens practitioners to measure
central corneal curvature and provide a starting point in choosing a rigid lens fitting.
However, the ‘K’ readings assume a spherical or spherocylindrical surface and mea-
sure corneal curvature at only four points, 3 mm apart in the paracentral cornea
(Chap. 2). The information would be adequate if all corneas had spherical or sphe-
rocylindrical surfaces. However the cornea is aspheric and radially asymmetric,
conforming most closely to a flattening ellipse (Chap. 6). Therefore, more informa-
tion, particularly about the corneal periphery, can be provided by topography. This
is useful in irregular corneas, such as keratoconus, in which the curvature of the
steepest part of the cone can be identified.
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Fitting Nomograms

‘K readings’ from a keratometer, or simulated Ks from topography, can be entered
into an algorithm which determines the base curve most likely to fit the cornea.
However, if topography is used, the software automatically suggests the most appro-
priate lens. This can be further refined by entering other variables such as the refrac-
tion and the pupil diameter. Some programmes suggest alternative lenses, such as
the one giving the best central fit, based upon an individual lens design.

Simulated Fluorescein Patterns

The application of fluorescein to the tear film shows the thickness of the tear layer
and therefore the proximity of the posterior surface of the lens to the anterior surface
of the cornea (Fig. 7.2). Where the tear layer is thicker, it appears bright green, and
where it is thinner or in areas of lenticulo-corneal touch, it appears darker. The
screen display of the simulated fluorescein pattern enables this information to be
obtained without inserting a trial lens (Figs. 7.4, 7.5 and 7.6). This may help avoid
excessive trials and determine the best static lens fit, particularly in difficult cases
where there is unusual corneal topography, such as in keratoconus or following
keratoplasty. The simulated fluorescein patterns can also be based on the chosen
fitting philosophy of the individual practitioner, such as an alignment fit or apical
clearance fit.

Different back surface curvatures can be entered to demonstrate the fluorescein
pattern produced by various lenses. These can be displayed in conjunction with the
measured topography, so the back surface curvature can be titrated against the fluo-
rescein pattern. In some systems, aspherical as well as spherical back surfaces can
be selected.

Lens Dynamics

Some software has now introduced pan-and-tilt features in an attempt to replicate
the actual position of the lens on the cornea. This gives a more realistic impression
of the true dynamic fit of the lens [10].

Slit-Lamp Examination

Currently the effect of other variables such as lens movement, tear dynamics and lid
configuration (position and tension) have to be observed on biomicroscopic slit-
lamp examination [11]. However, as more information is collected by these sys-
tems, it is likely that the software will be further developed to include these
variables.

Over-refraction

Once the posterior surface of the contact lens has been fitted to the cornea, it is nec-
essary to confirm that the lens is of the appropriate power. The refractive effect of a
contact lens in situ is a combination of the power of the lens itself and the power of
the tear layer trapped beneath it:

Corrected Refractive Error = Contact Lens Power + Liquid Lens Power
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Fig. 7.4 Simulated fluorescein pattern. Simulated fluorescein fit of a rigid gas permeable contact
lens on a normal cornea. The topographic simulated keratometry data are displayed (bottom left),
and the lens parameters can be altered (bottom right). The associated fluorescein map is shown (top
right), together with a graph of the tear layer thickness across the centre of the lens (top left) or
circumferentially at a given zone (middle left). (a) In an apical clearance fit, tear fluid collects
under the centre of the lens, which therefore appears green. The peripheral area of marginal bear-
ing remains dark. (b) In an apical bearing (alignment) fit, the centre of the contact lens is close to
the corneal apex, and this therefore appears dark due to the tear layer being thin
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Fig. 7.5 Fluorescein fit in astigmatism. Astigmatic cornea with 3.50DC of with-the-rule astig-
matism. (a) Colour-coded power map with orgonal axes indicating the major and minor meridia.
(Corneal statistics: SRI = 0.56, SAI = 0.21; PVA 20/20-20/25; SimK = 47.2x11°;
MinK = 43.8x4°). (b) Simulated fluorescein pattern of a spherical RGP lens fitted with a base
curve aligning the flat meridian of the cornea. The tear layer is thinnest in a horizontal band, and
there is excessive edge clearance in the steep meridian. (¢) Simulated fluorescein pattern with a
lens chosen to fit the mean K. This demonstrates the uneven bearing area and the variation in
edge clearance
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Fig. 7.5 (continued)

Although the patients’ spectacle correction is input to the software, the appropri-
ate correction of the refractive error can be confirmed by performing an over-
refraction with the contact lens in situ.

Clinical Effectiveness

The clinical effectiveness of contact fitting can be assessed in several ways.
Commonly it is expressed as the proportion of patients in whom the first fit is cor-
rect. Alternative measures include the number of changes to lens parameters which
have to be made before the correct fit is established or the time taken.

Using keratometry and a nomogram, the success rate of the first fit is 25-60% [12—
14]. This compares to 90-95% when the remaining steps of the fitting procedure are
complete. Videokeratoscopy produces a successful first fit in 77% of patients with nor-
mal corneas [13, 15]. There was also a 50% reduction in ‘chair time’ relative to tradi-
tional methods of fitting. The main advantage of using topography for fitting is that a
patient can try lenses which should fit rather than lenses from a trial set which are likely
to be at best an approximation of fit and back vertex power. Ideally the same trial needs
to be performed on irregular corneas, following corneal disease or surgery.
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Fig.7.6 Fluorescein fit in keratoconus. Bilateral keratoconus with an RGP lens. (a) Colour-coded
maps show significant inferior corneal steepening bilaterally. (b) An apical bearing fit of an RGP
spherical lens in right eye shows central touch. This is confirmed by there being very little clear-
ance on the tear layer thickness graph to the right. (¢) An apical clearance fit in the same eye
requires a very steep contact lens. This gives a tight fit, particularly in the midperiphery and at the
edge of the lens, where little fluorescein is evident
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The lower success rate of topographic fitting alone compared to full clinical fit-
ting is due to the absence of parameters in the software relating to lens dynamics or
lid configuration. However, this is easily rectified by observing the dynamics of the
recommended lens on the eye and performing an over-refraction. Such a combined
approach allows the minimum number of trial lenses to be used before the final lens
specifications are determined.

Fitting Philosophies

The posterior surface of a contact lens does not exactly fit the anterior surface of the
cornea, and therefore the two are closer together in some areas than others. The
areas of bearing, where the two are closest, vary with their relative curvatures. The
back surface curvature of the contact lens can be selected by the practitioner to give
the required characteristics.

Apical Clearance Fit

A lens which is steeper than the corneal apex results in apical clearance (i.e. tear
pooling and therefore maximum fluorescein staining at the apex) and marginal bear-
ing (i.e. dark periphery on the fluorescein simulation) (Fig. 7.4a). Such a lens tends
to centre well, but tear exchange may be limited [16].

Apical Bearing Fit

A flatter lens gives an apical bearing fit, in which the centre of the lens is aligned with
the cornea. The tear layer is thinnest in the area of apical bearing (dark centrally on
simulated fluorescein) (Fig. 7.4b). Better tear exchange occurs as a result of greater
mobility of the lens and thicker tear layer in the periphery (marginal fluorescence).
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Fitting Astigmatic Corneas

Corneal topography determines that portion of the total ocular astigmatism, as mea-
sured by refraction, which is due to astigmatism of the cornea. This helps select the
most appropriate contact lens type (hard or soft, spherical or toric) for the shape of
the cornea and to correct the astigmatism.

The most common type of ocular astigmatism is with-the-rule (steep in the
vertical meridian), and this is usually largely due to corneal astigmatism (Chap.
6). In contrast, against-the-rule astigmatism (flat in the vertical meridian) is com-
monly partly corneal and partly lenticular in origin. In these cases, if the corneal
astigmatism was neutralised by a contact lens, residual astigmatism would still
persist.

If a lens with a spherical back surface is selected, the base curve may be fitted
either to the flat meridian or to the mean keratometry reading. A base curve fitting
the flat meridian leaves excess edge clearance on the steep meridian (Fig. 7.5b).
However, a base curve equivalent to the mean keratometry reading produces
increased bearing in the flat meridian (Fig. 7.5¢). It is evident that in an eye with a
moderate degree of corneal astigmatism, a spherical lens is a compromise. The only
means of achieving an even bearing surface across the back surface of the lens, and
therefore a better physical fit, would be to use a toric lens to match the toricity of the
eye. This will be facilitated by the availability of toric lens fitting options on video-
keratoscopic fluorescein simulation software.

Fitting Keratoconus

Keratoconic corneas show greater than normal variation in curvature from the cen-
tre to the periphery and generally have irregular astigmatism (Chap. 10). Contact
lenses are usually fitted with a mild apical bearing pattern. In this situation, the fluo-
rescein simulation shows light central touch and a marginal rim of fluorescence
(Fig. 7.6b). A steeper lens may be fitted with the aim of giving apical clearance and
better centration. However, this causes a large area of lens-corneal contact in the
periphery (Fig. 7.6¢), giving rise to poor lens mobility, reduced tear exchange and
often less good vision.

In order to facilitate the fitting of complex corneas such as these, some video-
keratoscopic software has increased the number of curves on the back surface which
can be selected. In keratoconus it is useful to try small back optic zones and to move
the lens around to assess the fit. It is possible to custom-design lenses to suit the
topography.

Fitting Irregular Corneas

The pan-and-tilt features of some of the new software can be used to assess the
dynamic fit of the lens and demonstrate how the fluorescein pattern varies with dif-
ferent lens positions (Fig. 7.7).
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Fig.7.7 Fluorescein fit in irregular corneas. Mild irregular astigmatism with an RGP lens. (a) The
colour map can be viewed alongside the fluorescein simulation. (b) The “pan” function (box
immediately beneath the fluorescein simulation) has been used to displace the lens nasally by
1 mm. There is now greater bearing on the temporal than the nasal side
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Contact Lens Front Surface Topography

The shape of the front surface of a contact lens can be assessed by measuring topog-
raphy with the contact lens in situ. This assesses the air-tear film interface on the
surface of the lens, rather than the air-tear film interface on the cornea. This can be
helpful when evaluating lens flexure or in correlating lens front surface astigmatism
with the uncorrected ocular astigmatism found on over-refraction.

The front surface of toric soft lenses can be tested on the eye to assess if astigma-
tism has been neutralised by a particular lens design [17]. This function may be
more relevant to lens designers and manufacturers rather than clinicians.

Monitoring Corneal Topography

Although the specialist contact lens software in corneal topography systems relates
to the fitting of RGP lenses, the standard colour-coded topography maps can be
valuable in the follow-up and aftercare of patients wearing all kinds of lenses.
Monitoring corneal topography in contact lens wear is helpful in the refractive man-
agement of a patient.

Contact Lens-Induced Corneal Warpage

Contact lens wear can alter the shape of the cornea by a process termed warpage
[18]. This is thought to occur as a direct result of mechanical pressure from the lens,
but metabolic factors, such as low oxygen tension, have not been excluded. Patients
are commonly asymptomatic [19], but some lose as many as four Snellen lines of
best spectacle-corrected visual acuity or develop contact lens intolerance [20]. In a
patient who complains of deteriorating vision with spectacles, whilst maintaining
good contact lens acuity, corneal warpage should be suspected.

Topographic abnormalities are most common, severe and persistent in wearers of
hard or rigid gas permeable lenses. Many topographic patterns can result, but they
tend to comprise flattening in the areas of lens-bearing, with possible adjacent
steepening (Table 7.2, Fig. 7.8). For example, a superior-riding contact lens may

Table 7.2 Topographic patterns induced by contact lens wear as a result of corneal warpage

Patterns of contact lens-induced corneal warpage

Central irregular astigmatism

Change in the axis of astigmatism

Radial asymmetry

Reversal of the normal pattern of progressive flattening from the centre to the periphery (i.e.
oblate rather than prolate)

Relative flattening beneath the most frequent resting position of the contact lens, especially if
it is decentred

Relative steepening outside the resting position of the lens
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Fig. 7.8 Contact
lens-induced corneal
warpage. Wearers of
PMMA or RGP lenses can
develop a variety of
changes in their corneal
topography, depending on
the fit and position of their
lens. (a) Inferior flattening
in a patient who had been
wearing RGP lenses for

1 h since the topography in
Fig. 6.4 was taken. (b)
Superior flattening and
inferior steepening causing
radial asymmetry as a
result of a superior-riding
contact lens. This
appearance could be
confused with that of
keratoconus. The patient
had been wearing contact
lenses for 21 years and had
a similar appearance in the
other eye. The surface
regularity and asymmetry
indices were elevated, and
the predicted visual acuity
was 20/30-20/40. (¢)
Central corneal flattening
giving rise to irregular
astigmatism with a broken
bow tie appearance. The
cornea is oblate (flatter in
the centre than the
periphery) rather than
prolate like normal corneas
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produce an inferior steepening resembling keratoconus. These changes are most
easily displayed on a difference map, which subtracts a pre-lens fitting map from the
current map (Chap. 5).

After cessation of lens wear, the cornea tends to return to its former shape. The
greatest topographic changes occur over the first 1-2 months, but it may take
5 months or more for a normal pattern to return. Some patients appear to stabilise
with an abnormal pattern, suggesting that the effect can be irreversible. The topo-
graphic changes induced by soft lenses normalise in about 2-5 weeks but can take
up to 8 weeks with rigid gas permeable lenses [18, 20].

Some patients with corneal warpage have irregular keratometry mires or a change
in their keratometry readings, but for many, the topographic changes can only be
detected by computer-assisted videokeratoscopy [21]. This emphasises the impor-
tance of obtaining topography prior to refractive surgical procedures in contact lens
wearers (Chap. 13). It has been suggested the minimum delay between the removal
of contact lenses and the preoperative assessment should be 2 weeks for soft lenses
and 4 weeks for hard and RGP lenses [22]. If abnormalities persist after the cessa-
tion of lens wear, topography should be repeated at intervals until the corneal shape
has normalised or stabilised.

Orthokeratology

Orthokeratology is the practice of fitting progressively flatter tight-fitting rigid
contact lenses with the aim of flattening the cornea sufficiently to reduce myo-
pia [23]. Commonly the lenses are worn overnight so the patient can be free of
lenses during the day. Although some eyecare practitioners use this technique,
it is associated with refractive changes which are small, variable and temporary
and may therefore be of only limited clinical value. There is also a relatively
high rate of contact lens-related complications, some of which arise from wear-
ing in the closed eye overnight [24-26]. Corneal topography is essential for the
evaluation of the safety and efficacy of such procedures, and further studies are
awaited.

Preoperative Assessment for Refractive Surgery

Exclusion criteria for refractive surgery include instability of refraction and the
presence of underlying corneal pathology (Chap. 13). Both these conditions are
more likely in patients wearing contact lenses as they may have lens-induced
corneal warpage, or astigmatism which is not adequately corrected by spectacles
[21, 27]. The study of optometric records of previous refractions, keratometry or
topography is useful in the preoperative assessment, particularly as 50-90% of
patients presenting for myopic refractive surgery have worn or tried contact
lenses [22, 28].
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Patient/Lens Database

Topography systems can be used to store and retrieve patient data and lens informa-
tion. Some software allows practice management functions to be performed,
although they are not designed to replace the patient traditional record card.

A complete contact lens product database is also maintained and regularly
updated so that practitioners can find information on any lens without reference to
user manuals. However, information designed for the market in one country or con-
tinent is not necessarily applicable to others.

Communications software allows topography maps and e-mails to be sent or
received worldwide using the Internet. In the future, such link between the practitio-
ner and the production facility may enable customised RGP lenses to be manufac-
tured to a shape determined by the actual corneal topography.

The data collected by the software in topography systems can provide objective
feedback to manufacturers and practitioners with the aim of improving lens fitting
algorithms and clinical practice.

As corneal topography facilitates the fitting of rigid gas permeable lenses, the
current trend of the increasing use of soft lenses due to comfort and convenience
might be partially reversed to the advantage of patients’ visual performance. If the
cost of topography systems can be reduced, their use may become more widespread,
and the standard of RGP lens fitting and contact lens practice in general will be
enhanced. Topography manufacturers are working towards this by introducing
smaller systems with fewer data points, compact equipment with the placido mires
and screen integral in one unit, and portable systems (Chap. 3).
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Corneal Surface Disease

Good vision relies upon the cornea being transparent and having a smooth regular
surface. Corneal disease often disrupts the normal anatomy and physiology of the
cornea, thereby severely reducing the visual performance of the eye. Irregularities
of the corneal surface can result from compression by external masses, abnormali-
ties of the epithelium and alterations within the stroma (Table 8.1). With the advent
of corneal topography, we can now detect and quantify such changes. These tech-
niques have improved our understanding of the mechanisms by which pathology
can produce changes in corneal topography and also offer promise in improving the
management of corneal disease.

External Compression

Masses arising around the eye or in the lid can cause pressure on the corneal surface
and distort its topography. Such lesions will cause flattening of the globe directly
under the area of compression, with steepening of the curvature adjacent to the area
of compression (Fig. 8.1).

Central or paracentral compression may be induced by lid lesions such as hae-
mangiomas and large chalazia [1, 2]. In these cases the associated steepening occurs
peripherally. More peripheral flattening is induced by masses at or behind the lim-
bus, such as dermoids, or plombs from retinal surgery (Fig. 8.2).

The astigmatic changes produced by these lesions are of particular clini-
cal importance in children. Such unilateral astigmatic changes may result in
amblyopia.
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Table 8.1 Classification of topographic changes in corneal disease

Site ‘ Examples ‘ Direct effects ‘ Indirect effects
External pressure
Central/ Chalazion Central flattening Peripheral
paracentral Lid haemangioma steepening
Peripheral Plomb Peripheral flattening | Central steepening
Dermoid
Tear film
Deficiency Keratoconjunctivitis sicca Focal flattening -
Widespread
irregularity
Poor quality Blepharitis Artefacts -
Epithelium
General Corneal oedema Irregularity -
irregularity Band keratopathy Artefacts
Local depressions | Ulcers Focal flattening -
Dellen Irregularity
Local elevations Pterygium Focal steepening -
Salzmann’s nodules Irregularity

Nebulae

Thygeson’s keratitis

Stroma
Local swelling Herpetic keratitis Focal steepening -
Central/ Deep corneal ulcers Focal flattening Adjacent steepening
paracentral
thinning
Peripheral Terrien’s degeneration Mild/moderate Steepening
thinning Mooren’s ulcer Flattening in perpendicularly
Peripheral gutters in affected meridian
systemic disease Severe Complex
Pellucid degeneration Ectasia and
steepening
Ectasia Keratoconus Central steepening | —
Keratoglobus

Pellucid degeneration

Fig.8.1 External
compression. Masses
around the eye cause
flattening directly under
the area of compression,
with steepening in adjacent
areas

Compression
forces

Corneal steepening
Corneal flattening

Corneal steepening
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Fig. 8.2 Radial plomb.
After retinal detachment
surgery, a radial plomb
sutured 4 mm posterior to
the limbus in the 75°
meridian caused flattening
of the sclera beneath the
plomb and steepening of
the adjacent cornea

Tear Film Disturbances

Corneal topography devices, whether utilising reflection or projection, image the
air-tear fluid interface. Therefore, corneal topography is influenced by abnormali-
ties in either the quantity or the quality of tears or their distribution across the cor-
neal surface [3-06].

Primary anomalies of the tear film may be the result of a wide variety of sys-
temic and local disorders. Tear fluid deficiency in conditions such as keratocon-
junctivitis sicca leads to focal patches of drying which appear as localised areas
of flattening (Fig. 6.5). An altered tear fluid composition can also interfere with
the analysis of the captured image. For example, excessive oil in the tear fluid
can appear as dark swirls on a videokeratograph and prevent detection of the
position of the mires (Fig. 6.6). In both these situations, the patient should be
asked to blink immediately before capture of the image. Tear film abnormalities
can also exacerbate surface irregularity by causing epithelial cell degradation
and death [7].

Epithelial Disease

An intact, healthy corneal epithelial surface with a normal, smooth tear film is
essential for the regular refraction of light by the eye and the formation of a clear
retinal image. Any disturbances in this surface will result in a degradation of the
corneal topography and seriously impair visual performance [8, 9]. Such anomalies
may be localised or may diffusely involve the entire corneal surface. Their effect on
vision is dependent primarily upon their location rather than the total area affected.
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Surface irregularities over the visual axis, however small, will profoundly disturb
visual function. In contrast, larger abnormalities towards the periphery will have
less effect.

By quantifying the irregularity of the corneal surface (Chap. 5), topography can
help determine the proportion of the visual loss which is attributable to irregular astig-
matism as opposed to loss of corneal transparency. If visual disturbance is principally
due to disruption of surface topography, then rigid contact lenses may improve the
visual acuity to acceptable levels. If loss of corneal transparency is primarily respon-
sible for visual loss, then keratoplasty is usually necessary for visual rehabilitation.

Corneal topography can sometimes detect subtle epithelial abnormalities which
are not necessarily revealed by biomicroscopic slit lamp examination. Visual distur-
bance in patients with minor central epithelial irregularity is usually due to changes
in surface topography. For example, patients with recurrent epithelial erosion syn-
drome may complain of significant visual symptoms, despite an entirely normal
appearance on slit lamp examination. However, videokeratoscopy can detect the
subtle abnormalities in the surface topography which reveal the underlying epithe-
lial abnormality (Fig. 8.3).

In patients with a poor tear film or marked surface irregularity, topography is
most accurately measured by devices utilising projection methods rather than reflec-
tion (Chap. 3). In these situations, techniques such as keratometry and videokeratos-
copy have three major limitations [10, 11]. Firstly, they require an intact tear film to
provide a reflective surface on which the image of the mires is generated. Secondly,
if irregularities have a small periodicity, the individual rings of the mires cannot be
identified. Thirdly, if irregularities have a slightly larger periodicity, the rings can be
identified, but the algorithms are inadequate to accurately reconstruct the details of
the surface. In the latter situation, local radius of curvature is more accurate than
global radius of curvature (Chap. 1).

Aetiology

There are numerous disorders affecting the corneal epithelium that can cause topo-
graphical irregularities. These can result from a multitude of inflammatory or non-
inflammatory processes which may be a consequence of both localised ocular
pathology and more widespread systemic disease. Such processes may be confined
to the epithelium itself or involve the tear fluid, underlying corneal stroma [12], or
adjacent ocular structures.

Mechanisms

Whatever the aetiology of the corneal disease, the epithelium responds in a limited
number of ways: loss, thinning, hyperplasia, metaplasia, oedema, basement mem-
brane changes and accumulation of excessive or abnormal material. These processes
may be generalised or localised.
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Fig. 8.3 Recurrent erosion. In this patient with recurrent corneal erosion syndrome, no epithelial
abnormality could be detected on biomicroscopic examination between attacks. (a) The videokera-
tograph showed irregularity of the mires (arrows) in the 10°, 270° and 350° semimeridians, about
1-2 mm from the corneal centre. (b) These correspond to areas of focal flattening on the

topography

Epithelial abnormalities not only have a direct effect on the shape of the corneal
surface, but they also influence the distribution of the overlying tear fluid. Localised
drying can occur in areas where the epithelial cells are sick or damaged, leading to
greater disruption of the surface topography [13] (Fig. 8.4). In contrast, the tear fluid
can sometimes help to smooth the topography over epithelial irregularities. It tends
to pool in surface depressions and become thinner over protuberances. This explains
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Fig. 8.4 Epithelial metaplasia. The epithelial irregularity and associated tear film disturbance is
most marked nasally. In this area the videokeratoscopy rings (a) merge into one another. They can-
not be distinguished well enough for the topography (b) to be reconstructed accurately, and many
data points are missing (the black areas)

why some patients with surface irregularity report improved vision after blinking,
when the cornea is resurfaced by tear fluid. Similarly, the application of a hard con-
tact lens can improve visual acuity by providing a smooth anterior refracting
surface.

The corneal epithelium is also influenced by the underlying superficial corneal
stroma [12]. Like the tear film, it tends to be thicker over local depressions and
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thinner over protuberances. Therefore, in the same way, the epithelium can help to
smooth the surface over localised stromal irregularities. In contrast, there are also
situations in which the epithelium is unhealthy over a stromal defect, such as a neu-
rotrophic ulcer. In this case the epithelium contributes to the irregularity of the
topography.

It can therefore be seen that the shape of the corneal surface is determined by a
complex interaction between the tear fluid, epithelium and superficial stroma. The
resultant topographical patterns can be extremely irregular, non-specific and diffi-
cult to evaluate.

Generalised Irregularity

Generalised epithelial irregularity, whether due to oedema, metaplasia, deposition
or other pathologies, usually causes a non-specific disruption of the surface topog-
raphy (Fig. 8.4).

Local Depressions
Local depressions in the corneal surface, for example, as a result of a small corneal
ulcer (Figs. 2.6 and 8.5) or dellen, cause a localised area of corneal flattening.

Local Elevations

Local elevations of the corneal surface include Salzmann’s nodules, proud nebulae
(Figs. 4.2 and 4.5) and Thygeson’s superficial punctate keratitis. These cause focal
steepening [14].

Pterygia

Pterygia are an excellent example of a structural abnormality occurring at the level
of the epithelium, which also influences the overlying tear film and the underlying
stroma.

It has long been accepted that pterygia tend to produce corneal astigmatism.
However, the nature and extent of astigmatism that may be induced are the subject
of some debate. Early work using keratometry to study the effect of small pterygia
found a predominance of horizontal steepening [15]. Others found horizontal flat-
tening to be more frequent, although the incidence was not significantly different
from age-matched controls [16].

It has since been confirmed using corneal topography that eyes with pterygia
often have irregular astigmatism, with the flattest axis within 20° of the horizontal
[17-19] (Fig. 8.6). The average induced topographic astigmatism is about 4D and
can be as high as 10D. However, the refractive astigmatism is usually less marked,
and the vision often remains good until the pterygium encroaches on the pupillary
zone [20] (Fig. 8.7).

Pterygia can potentially induce horizontal flattening by two mechanisms (Fig. 8.8).
Firstly, the tear meniscus in front of the head of the pterygium fills in the angle
between the pterygium and the paracentral cornea. Secondly, the pterygium may be
having a direct effect on the underlying stroma. It is unlikely that forces applied by
fibrovascular contractile elements within the pterygium have a major effect, as they
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Fig. 8.5 Infectious keratitis. A localised depression of the superotemporal paracentral cornea (a)
caused focal flattening and irregularity (b)

would be expected to steepen the cornea (in a similar manner to a tight suture).
Possibly changes in the anterior stroma beneath the pterygium have a role. Other
perilimbal lesions such as dermoids can produce similar topographical effects.

Management

The development of clinical excimer lasers in the mid-1980s has offered a new
approach to the treatment of superficial corneal pathologies [21]. The
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Fig.8.6 Moderate pterygium. The pterygium has encroached about 2.5 mm onto the nasal cornea
(a), but the predicted visual acuity remains good because the associated flattening is restricted to
the peripheral and paracentral cornea, leaving only mild regular astigmatism within the pupillary
aperture (b)

advantages of such lasers are derived from two unique characteristics. The first
is their ability to remove corneal tissue with extreme precision and minimal col-
lateral damage (Chap. 13). The second is the large diameter of their beams, typi-
cally several millimetres in diameter, allowing the simultaneous treatment of
wide areas. With excimer laser technology, it is now possible to remove
unwanted tissue and precisely resculpture the anterior cornea to create a new
optical surface.
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Fig.8.7 Severe pterygium. A larger pterygium (a) causes much greater flattening in the horizontal
nasal semimeridian (b) and induces a greater degree of with-the-rule astigmatism (>6DC). There
is associated steepening in the adjacent meridian

Subepithelial

fibrosis \‘\4
\‘

Tear meniscus

Pterygium

Flattening
Steepening (some cases)

Fig. 8.8 Pterygium mechanisms. Pterygia can induce horizontal flattening by two mechanisms. First,
the tear meniscus fills in the angle at the head of the pterygium. Second, subepithelial fibrosis beneath
the head of the pterygium can cause localised flattening, with steepening of the adjacent cornea
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Topography maps have been used to plan excimer laser photoablative treatments
to correct irregular astigmatism [22]. Steep areas on the corneal maps were identi-
fied and then “flattened” using small diameter excimer laser ablations. This selec-
tive flattening was aimed at minimising the differences between steeper and flatter
geographical areas within the optical zone of the cornea, to improve the refractive
performance of the eye. However, to flatten a steep slope, tissue must be removed
from the top of the slope, but not the bottom. It is therefore more appropriate to use
elevation maps for this purpose, so that tissue can be removed from the highest
areas, rather than the steepest areas.

These techniques will hopefully improve the visual rehabilitation of patients
with extensive corneal pathology by reducing their dependence upon rigid contact
lenses and avoiding ocular surgery.
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Stromal Disease

As with the superficial cornea, stromal disease may be the result of a wide variety
of inflammatory and noninflammatory disorders, with either local or systemic ori-
gins. Disease of the corneal stroma induces topographic changes as a result of
swelling, thinning or stretching (ectasia) (Table 8.1). The resulting patterns are
more specific than those resulting from superficial corneal disease (Table 9.1). They
are determined by the site, size and depth of the area involved.

Mechanisms

Direct Effects

Stromal disease has a direct effect on corneal topography at the site of the pathol-
ogy, in the same manner as superficial corneal disease. This may cause either local
steepening or local flattening.

Adjacent Effects

Irregularities of the stroma may be larger than those affecting the surface, and there-
fore they can influence the topography of the adjacent area. For example, there may

be local steepening at the edge of an area of thinning or local flattening surrounding
an elevation.

Table 9.1 Features of the topographic changes in superficial corneal and stromal disease.

Superficial corneal disease Stromal disease

Non-specific topographic changes More specific topographic patterns

Direct effect on topography Widespread and distant effects

May be self-limiting More likely to be prolonged or permanent
Good visual improvements with hard contact lenses| Less easily corrected by hard contact lenses
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Distant Effects

Stromal lesions, especially thinning, can also affect the topography of areas of “nor-
mal” cornea, distant from the site of pathology. When this phenomenon occurs as a
result of incisional refractive surgery, it is termed “coupling”. The mechanisms
involved are best explained by first considering the structure [1] and biomechanics
[2-5] of the normal cornea.

The cornea forms part of the tough outer coat of the eye and therefore has a role
in maintaining the intraocular pressure, supporting the intraocular structures and
resisting trauma and infection. The stroma is the layer which provides the necessary
mechanical strength. It contains densely packed collagen lamellae which arch from
limbus to limbus in layers parallel to the corneal surface. X-ray diffraction studies by
Meek et al. have shown the anterior lamellae are highly interwoven and randomly
directed when observed en face [6], whereas the posterior lamellae appear to have
preferred inferior-superior or nasal-temporal orientation [7]. The exception to this is
deep in the corneal periphery where a ring of fibres runs circumferentially. Studies
also suggest the presence of a network of collagen lamellae that originate in the adja-
cent sclera and enter the cornea close to the inferior, superior, nasal and temporal
positions [8]. There is mirror symmetry between both eyes, and these peripheral col-
lagen fibrils appear to have a larger diameter to those in the central cornea [9].

Between the collagen fibres, the extracellular matrix is rich in glycosaminoglycans,
which are large molecules with a high viscosity and elasticity. The compact, regular
structure of the stroma is fundamental to the maintenance of a normal corneal shape. It
is thought this is maintained by a balance between the expansive force of osmotic pres-
sure and the attractive force between glycosaminoglycans and the collagen fibrils [10].

Bowman’s layer is the relatively acellular anterior 8—14 pm of the superficial
corneal stroma [1]. Its mechanical properties do not differ from those of the remain-
ing stroma [4].

When damage to the stroma occurs, the stability of the corneal shape is compro-
mised. Defects in stromal collagen lamellae, whether caused by surgical incisions,
loss of tissue or thinning, cause new stress equilibria to be set up in the cornea [3].
Meek et al. have shown inter- and intra-collagen lamellar displacement and slippage
leading to thinning and associated change in corneal curvature in patients with kera-
toconus [11]. The region of greatest thinning was elongated vertically and contained
the least aligned collagen.

The induced changes in corneal shape are most easily seen when there are single,
deep focal areas of thinning. In general, this causes flattening of the corneal curva-
ture along the meridian perpendicular to the tangent of the stromalthinning.

The mechanisms by which loss of peripheral stromal tissue can cause central
corneal flattening are not fully understood. The destruction of lamellae running
across the cornea from limbus to limbus may allow stretching and relaxation of the
peripheral corneal tissues. Such structural changes may cause the peripheral cornea
to “bow” outwards, resulting in flattening of the central cornea [5].

Coupling effects produce steepening in the meridian perpendicular to the flatten-
ing. These are likely to result from the presence of intact rings of lamellae running
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Fig.9.1 Peripheral gutter mechanism. Destruction of collagen lamellae by a peripheral gutter can
cause outward bowing of the weakened area due to the force of the intraocular pressure (a). This
causes flattening of the central cornea. The intact circumferential lamellae around the base of the
cornea are stretched and become oval. These forces are transmitted to the perpendicular meridian
where they cause compression forces and steepening as a result of coupling (b). In addition, there
may be local steepening and flattening over the edges and base of the gutter (a)

circumferentially around the base of the cornea. Presumably the flattening in the
pathological axis stretches the rings until they become oval. The resultant compres-
sive forces would then be transmitted to the radial fibres in the perpendicular axis,
which would therefore steepen (Fig. 9.1).

Topographic Patterns

The exact topographic pattern induced will depend on the site, size and depth of the
stromal loss or swelling and in particular whether the pathology is located centrally
or in the corneal periphery. Other factors which influence the topographic changes
are pressure from the upper lid and the presence or absence of secondary epithelial
and tear film disturbances.

Stromal Swelling

Stromal swelling is often the result of oedema, which is a non-specific response to
injury. In the presence of intact collagen lamellae anteriorly, diffuse oedema (e.g.
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following endothelial damage) induces very little change in the overall shape of the
anterior corneal surface. In this situation, the stromal swelling is directed posteri-
orly, resulting in folds in Descemet’s membrane [12].

Stromal swelling may project anteriorly if it is associated with damage to the
superficial collagen lamellae or the generation of new wound healing material (e.g.
herpes simplex disciform keratitis). In this situation the affected area is steepened
and may demonstrate irregularities (Fig. 9.2).

CORNEAL
STATISTICS

Fig. 9.2 Herpetic disciform keratitis. Inflammatory stromal swelling in the superonasal quadrant
(a) has caused focal corneal steepening with more peripheral flattening (b)
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Central and Paracentral Thinning

Small degrees of central or paracentral thinning produce a localised area of corneal flat-
tening or irregularity in a similar manner to that described for corneal surface disease
(Chap. 8). When the thinning is of moderate depth, the flattened area may be surrounded
by area of steepening relating to the edge of the lesion (e.g. ulcerative keratitis).

Deeper defects can compromise the stability of the cornea and result in steepen-
ing at distant sites (Fig. 9.3). In cases of very advanced tissue loss, there may be
anterior protrusion at the site of the lesion, with the formation of a descemetocele.
As this extreme thinning occurs, the topography reverses, and the affected area
becomes steeper than the surrounding area.

Thinning of the central cornea, particularly if associated with irregularity, can
significantly reduce visual function. Most cases are not correctable by spectacles
but require rigid contact lenses. In those with marked irregularity or corneal opaci-
fication, keratoplasty may be required.

Peripheral Thinning

Loss of peripheral corneal stroma usually results in flattening of the central cornea
in the same meridian [13—15]. This is commonly associated with steepening of the
perpendicular meridian as a result of coupling (Fig. 9.4).
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Fig. 9.3 Corneal ulcer. Healed infectious keratitis causing a localised depression in the superior
paracentral cornea. In this area the videokeratoscopy rings are more widely spaced (Fig. 2.6), and
the colour shows focal flattening. The ulcer was deep enough to erode superficial collagen lamel-
lae, and this lead to steepening of the opposite semimeridian
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Fig. 9.4 Terrien’s marginal degeneration. The peripheral gutter extends from 90 to 170° (partly
obscured by the upper lid). (a) The videokeratoscopy mires are blurred over the gutter itself
(arrows), preventing reconstruction of its topography by this technique. This can be overcome by
using techniques that utilise the Scheimpflug principle (see Chap. 4). (b) However, the colour-
coded map shows that the gutter has produced local flattening superonasally where it is deepest
and steeping in the orthogonal meridian. The central cornea within the pupillary aperture is rela-
tively unaffected and therefore the predicted visual acuity remains good

If thinning progresses, peripheral gutters can extend circumferentially or even
centrally. As a greater circumference is flattened, the steep meridian becomes closer
together producing an “arching bow tie” pattern (Fig. 9.5). If ectasia develops there
may be a more generalised steepening of the central cornea (Fig. 9.6). With more
extensive stromal tissue destruction, the vector forces become increasingly compli-
cated, and the topographic changes are more difficult to predict.
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Fig. 9.5 Pellucid marginal degeneration. More extensive peripheral guttering leads to irregular
astigmatism, such as this arching bow tie pattern. The less severely affected right eye is shown in
Fig. 5.11c

Iﬁg;ﬁ}ric/N
re/Har
Numer-16 Mer
Uerify Mires
Adjustable
Contact Lens
Multiple Map
9- Pt Hx/Pix

MAGUIREUARING

Fig. 9.6 Pellucid marginal degeneration with ectasia. If guttering becomes more severe, ectasia
may occur, leading to generalised steepening of the central or inferior cornea
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In peripheral stromal thinning, corneal topography is often spherocylindrical and
can be corrected by spectacle lenses until the later stages. When extensive thinning
and ectasia occur, scleral lenses may be required. Keratoplasty is often difficult due
to the involvement of the peripheral cornea.

Ectasia

Thinning and stretching of the corneal stroma can result in it protruding forward.
This may occur secondary to the processes described above or as a primary event
in keratoconus, keratoglobus and possibly pellucid marginal degeneration [16].
The topography of these conditions has been studied in depth, and is described in
Chap. 11.

Trauma

Partial- or full-thickness penetration of the corneal stroma can result in a variety of
topographic appearances depending upon not only the site and size of the lesion but
also its age and treatment. Stromal oedema can cause localised steepening (Fig. 9.7),
whereas overtightening of sutures may cause focal flattening with adjacent
steepening.

Fig. 9.7 Penetrating corneal injury. A 1.5 mm full-thickness linear perforation (arrows) 1 mm
temporal to the visual axis (a) causing localised corneal steepening and irregularity (b)



References 145

7. 82 mn
43, 13D
0.0-°
BB
0. 00 mm_
CORNEAL
STATISTICS

Fig. 9.7 (continued)
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The primary corneal ectasias are a group of noninflammatory diseases in which the
cornea protrudes forwards as a result of stromal thinning. The three conditions in
this group are keratoconus, keratoglobus and pellucid marginal degeneration. There
is considerable overlap between their clinical features, and they may even co-exist
in an individual or in the same family. Differentiation may be made between them
on the basis of the site of the stromal thinning. In keratoconus the thinning is para-
central and occurs most commonly below the horizontal. The thinning is in the
inferior periphery in pellucid marginal degeneration (Fig. 9.6) and is generalised in
keratoglobus.

By far the most common of these conditions is keratoconus. Its topography has
been studied extensively, and therefore it will be used as the main example in this
chapter. Corneal topography has roles in both the diagnosis and management of
keratoconus and its related conditions (Table 10.1).

Clinical Features of Keratoconus

Keratoconus typically presents in adolescence and progresses until the third or
fourth decade. It is a bilateral, asymmetrical condition that is usually sporadic, but
8—10% of cases have a hereditary component and family history, often with an auto-
somal dominant mode of inheritance with variable expressivity [1-9].

Aetiology

The precise aetiology of keratoconus is not fully understood with several different
biochemical, physical and genetic pathways implicated. It can occur as an isolated
condition or in association with ocular and systemic disorders such as atopy, vernal
disease, Down’s syndrome and connective tissue disorders such as Marfan’s

© Springer Nature Switzerland AG 2019 147
M. Corbett et al., Corneal Topography,
https://doi.org/10.1007/978-3-030-10696-6_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-10696-6_10&domain=pdf

148 10 Corneal Ectasia

Table 10.1 Role of corneal topography in the diagnosis and management of keratoconus

Role of topography in keratoconus

Diagnosis Detection of subclinical disease
Screening before refractive surgery
Genetic studies

Differential diagnosis
Keratoglobus
Pellucid marginal degeneration
Contact lens-induced corneal warpage

Decentration of refractive procedures

Classification

Severity

Location

Shape

Management Monitor disease progression
Contact lens fitting
Penetrating keratoplasty

Preoperative assessment

Postoperative management

syndrome [10]. It can be associated with eye rubbing and allergic eye disease, but
the evidence does not show whether this is causative or a confounding factor [11-
13]. There is also an association with apical touch of rigid gas permeable contact
lenses, but no evidence of which is cause or effect [ref].

Epidemiology

Recent evidence suggests the annual incidence and prevalence may be much higher
than previously thought: Godefrooij et al. conducted an epidemiological study look-
ing at 4.4 million patients in the Netherlands and found the annual incidence was
1:7500 (13.3 cases per 100,000) and the estimated prevalence was 1:375 (265 cases
per 100,000) [14]. These figures are five- to tenfold higher than previously reported
in population studies. This is thought to be due to a combination of earlier detection
by using more sensitive topographic measurements and more comprehensive data
collection.

Clinical Signs

In the past the diagnosis of keratoconus has relied upon the history and the subjec-
tive assessment of clinical signs. Patients often present with a history of progres-
sive myopia, oblique astigmatism and a reduction of spectacle-corrected visual
acuity. In some, optometrists noticed an “oil droplet” reflex on direct ophthalmos-
copy or “scissoring” of the retinoscopy reflex. The detection of keratoconus was
one of the most frequent indications for using a handheld Placido disc. In advanced
disease the clinical features are usually obvious and include thinning and scarring
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of the central and inferior cornea, Vogt’s striae (vertical stress lines visible in the
deep stroma) and Fleischer’s ring (epithelial iron deposition line) around the base
of the cone.

Subclinical Keratoconus

In early disease these features may not be obvious. The detection of ectasia has
been greatly improved with the advent of corneal topography and particularly digi-
tal analysis such as the superior/inferior ratio (S:I), keratoconus prediction index
(KPI) and screening programmes such as the Belin-Ambrosio Enhanced Ectasia
Display (BAD).

As the border between normality and keratoconus has become blurred, it has
now appeared that the condition is more common than previously thought and has a
wider spectrum. Family members of patients with keratoconus may have subclinical
disease or other forms of ectasia (keratoglobus or pellucid marginal degeneration)
[3]. However, prospective analysis and documentation of more cases are required to
determine the clinical significance of these early cones.

The detection of subclinical keratoconus has assumed greater significance with

the development and expansion of refractive surgery over recent years [4-06, 44, 45].
There have been three main concerns regarding the treatment of eyes with subclini-
cal disease. Firstly, instability of the preoperative refraction and postoperative pro-
gression of the disease can reduce the long-term accuracy of refractive procedures.
Secondly, it has been postulated that a degree of tectonic weakening of the cornea
induced by radial keratotomy and other incisional procedures may accelerate the
development and progression of clinically significant disease. Thirdly, eyes with
keratoconus may have an abnormal wound healing response which could result in
excessive regression, irregular astigmatism or haze. Whilst there is evidence eyes
with subclinical (or Forme Fruste) keratoconus may not be associated with these
problems [46-48], it is widely accepted that laser refractive surgery in such cases
may be contraindicated.
Up to 8% of myopes presenting for refractive surgery have features suspicious of
keratoconus on topographic analysis [44]. However, by excluding those with insta-
bility of refraction, reduced spectacle-corrected visual acuity, myopia >10.00D and
astigmatism >2.00D, this can be reduced to 1-2% [49]. In patients with high astig-
matism, especially if oblique, the number of cases with subclinical keratoconus
increases to 10-20%.

Topographic Features

In keratoconus, the thinning most commonly occurs just inferior to the corneal cen-
tre. Protrusion in this region gives the corneal surface an exaggerated prolate shape.
The point of maximum protrusion is termed the apex of the cone. It is the highest
point of the cornea and therefore has a slope of zero (in the same way as the very top



150 10 Corneal Ectasia

Apex
(highest point)
Smallest radius
of curvature

Steepest
N slope

Fig. 10.1 Structure of a cone. The apex of the cone in keratoconus is at the highest point of the
cornea and can therefore only be located from height or slope maps. The circles represent the
relative radius of curvature of different parts of the cornea. For eccentric cones, the smallest
radius of curvature (greatest power) is peripheral to the apex. The region of steepest slope may
be even more peripheral. Therefore it is important to appreciate which scale is used in any map
studied

of a hill is horizontal). The points of maximum steepness and greatest power (or
smallest radius of curvature) are usually both inferior to the apex (Fig. 10.1). This
results in astigmatism, which is asymmetric between the upper and lower hemi-
spheres of the cornea.

Keratoscopy

In keratoconus, the videokeratoscopy mires are distorted and tend to be oval. For an
inferior cone, they lie closest together in the inferocentral region, where the cornea
is steepest, and furthest apart superiorly, where the cornea is flattest [15, 16] (Figs.
5.2a, 10.2a and 10.3a). Such Placido disc images are useful in the detection of mod-
erate or severe keratoconus, but when viewed alone, they provide no quantitative
information, so very mild cases could be missed.

In cases of severe keratoconus, particularly those with surface irregularities
such as proud nebulae, the keratoscopy mires are distorted and can merge into one
another (Figs. 5.2a and 10.3a). However, this qualitative information can be useful
in understanding the patient’s symptoms. Videokeratoscopes require a smooth
intact tear film to produce a clear reflected image of the mires, which can be
detected and analysed. Any disturbance in the air-tear-epithelial interface will
cause degradation of the mire pattern resulting in a reduction in the quality and
quantity of topographic information that can be obtained from it. More useful
information can be obtained from irregular or non-reflective corneas by systems
utilising the principle of projection, rather than those dependent upon reflection
[17, 18] (Chap. 5).
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Diopters

Fig. 10.2 Moderate keratoconus. Even in moderate keratoconus, it can be difficult to see the nar-
rowing between the rings inferiorly on the videokeratograph (a). However, it is obvious form the
colour-coded map (b) that there is corneal steepening in this region

Topographic Maps

In established keratoconus, the topography map shows localised steepening associ-
ated with the area of the cone, with corresponding flattening in the opposite hemi-
sphere [23, 24]. There is usually displacement of the corneal apex towards the
direction of the cone, which is where the cornea is thinnest (Fig. 10.4).
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Fig. 10.3 Severe keratoconus. In more severe cases, the mire distortion is obvious on the video-
keratograph (a). However, if it becomes too gross, it is difficult to reconstruct the topography (b),
and some data points are either inaccurate or missing. In this situation, projection-based topogra-
phy techniques are often more useful. This patient’s more severely affected left eye is shown in
Figs. 5.2,5.3 and 5.5

Elevation Maps

Established disease is characterised by increased steepening of both anterior and
posterior corneal surfaces, with the highest point being at the apex of the cone.
Plotting the corneal shape as the difference from a best-fit sphere demonstrates the
exaggerated prolate shape, with increased central steepening and peripheral
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Fig. 10.4 Height maps in severe keratoconus. In this patient’s left eye, the cone protruded infero-
temporally. The images are obtained using moiré interference. (a) The apex of the cone is the
highest point on the elevation map. The contours are closest together where the slope is steepest,
on the inferotemporal side of the cone. (b) The cross-section in the 135° meridian (black) shows
the inferotemporal protrusion and steepening, particularly compared to the perpendicular meridian
(45°, red) which is relatively symmetric

flattening (Figs. 10.5a, b and 10.6). This can be useful for contact lens fitting in very
irregular corneas, as the best-fit sphere can be set at the same radius of curvature as
the posterior surface of a trial contact lens.

As aresult of corneal thinning, the posterior surface often shows greater steepen-
ing than the anterior surface. In early keratoconus, this steepening on the posterior
elevation map may be the first sign of keratoconus. Epithelial remodelling may
mask steepening of the anterior corneal surface, due to epithelial thinning over the
apex of the cone and thickening in an annulus surrounding it. This has been demon-
strated using very-high-frequency ultrasound scanning (VHFUSS) [19-22].
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Fig. 10.5 Keratoconus measured by slit images. The topography of the anterior corneal surface of
the right eye shows a prominent inferocentral cone (the reference sphere has a radius of curvature
of 6.29 mm, which is equivalent to 53.7D). (b) The posterior surface shows a greater change in
height from the periphery to the centre than the anterior surface (the reference sphere has a radius
of curvature of 5.01 mm, which is equivalent to 67.4D. Note: the scale has double the interval of
the map in part a). (¢) Therefore, the pachymetric map shows that the central cornea is much thin-
ner than normal (300 p rather than 500-600 p). (d) From the true height data, power can easily be
calculated (Courtesy of Orbtek Incorporated, Salt Lake City, USA)
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Fig. 10.5 (continued)
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Fig.10.6 (a, b) Subclinical keratoconus. The cornea appeared normal on biomicroscopic exami-
nation, but the topography revealed inferior steepening. This may represent a variation of normal
or an early mild form of keratoconus / forme fruste keratoconus. A similar appearance is seen in
Fig. 5.7

Pachymetric Maps

Corneal thinning can be another early sign of ectasia. In keratoconus it tends to be
maximal at the apex of the cone paracentrally, whereas in pellucid marginal degen-
eration, this tends to be in the midperiphery inferiorly. In keratoglobus the thinning
is more generalised, in all corneal meridians and out to the periphery. As well as
being valuable in diagnosis, the corneal thickness can be helpful when planning
surgery such as corneal collagen cross-linking or penetrating keratoplasty.

Slope Maps

The slope is zero at the apex of the cone and across the top of any focal protrusions
such as proud nebulae (Fig. 5.5). These maps are particularly useful for very irregu-
lar corneas, in which local variations in height can be easily demonstrated.

Curvature and Power Maps

Colour-coded curvature or power maps of an eye with keratoconus show an asym-
metric bow tie corresponding to the exaggerated prolate shape and irregular astig-
matism of the corneal surface [15, 16] (Figs. 10.2b and 10.3b). In more severe cases,
one of the bows of the bow tie may be absent.

Difference Maps
Direct comparison of two equivalent maps from different visits demonstrates
change over time, whether it be due to progression or treatment. It is essential



Topographic Features 157

that the settings, as discussed earlier, are the same in order for the comparison
to be valid. This is a valuable tool when monitoring patients for progression.

Keratoconus Detection Indices

Although the topography in moderate and severe cases of keratoconus is usually
recognisable as such, the diagnosis can be more difficult in subtle cases or those
with atypical topography. Uncertainty arises for two main reasons. Firstly, contro-
versy still exists regarding the minimum topographic criteria for the diagnosis of
keratoconus. Secondly, there is variation in the topographic patterns seen in this
condition.

The interpretation of videokeratographs requires the examiner to have detailed
knowledge and clinical experience of the subtle and complex patterns contained
within them, in both normality and disease. In order to remove the subjectivity of
the assessment and the need for experience, several authors have developed specific
corneal indices and detection programmes designed to aid the topographic diagno-
sis of keratoconus [26-31]. In all cases, the maps and the indices should be inter-
preted in the light of the clinical findings. Some indices are specific to the software
programmes of certain devices, but most devices incorporate some such indices and
share certain principles in their design.

Indices are a way of quantifying the severity of keratoconus, which is valuable
for tracking progress over time and for analysing grouped data in research studies.
For example, in studies of the genetics of keratoconus, indices may provide quanti-
tative information that can reflect the variable expression of the disease within fam-
ily members. It can also quantify the differences in outcome between two
treatments.

Indices are valuable in the detection of subclinical keratoconus, which is impor-
tant for determining whether patients should be followed up to identify if they
require cross-linking and whether they have an increased risk of complications if
undergoing refractive surgery. Pattern recognition by an experienced observer can
also be valuable in this role, although indices tend to be better than inexperienced
observers.

Keratometry, Asymmetry and Regularity Indices
Quantitative descriptors were developed to quantify particular features of the cor-
neal surface, which could then be correlated with the potential visual acuity [38, 39]
(Chap. 5). For example, the surface asymmetry index (SAI) is a measure of the dif-
ference in corneal powers between points on the same ring 180° apart, over the
entire corneal surface. The surface regularity index (SRI) is a measure of the local
irregularity of the cornea within an area bounded by a virtual pupil 4.5 mm in diam-
eter. It compares the power of each point with that of its immediate neighbours.
Although the asymmetry and the irregularity of the surface are often greater
than normal in keratoconus, these indices are non-specific as they can also be ele-
vated in other corneal diseases or following surgery. In addition, the SRI only uses
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data from the central cornea and may therefore miss important clues in the periph-
ery. Several authors have developed indices which are specifically aimed at detect-
ing keratoconus.

Inferior-Superior Value

The inferior-superior (I-S) value was designed to differentiate keratoconus from
normal corneas [15]. It was defined as an average refractive power difference
between five inferior points and five superior points 3 mm from the centre at 30°
intervals. Although the I-S value is specifically seeking asymmetry between the
superior and inferior hemispheres of the cornea, it may also be raised after penetrat-
ing keratoplasty or large incision cataract surgery. This shows the importance of
knowing the history and biomicroscopic findings. In addition, the steepening in
keratoconus is not always limited to the inferior periphery [16].

Difference in Central Power

The use of combinations of indices could improve their specificity in diagnosing
keratoconus. The I-S value has been used in conjunction with the central corneal
power and the difference in central power between fellow eyes [15]. However, cen-
tral corneal power is a non-specific marker for keratoconus as some emmetropic
eyes may have powers of 50.00D or more.

Keratoconus Predictability Index

Although single, relatively simple indices may be useful in distinguishing between
keratoconus and normal corneas, more sophisticated methods are required to dif-
ferentiate keratoconus from other clinical entities with similar topographic features.
Accuracy can be improved by using a combination of indices. The keratoconus
prediction index (KPI) is derived by inputting eight quantitative indices into an
automated keratoconus detection algorithm [26] (Table 10.2). Each of the constitu-
ent indices quantifies a different aspect of the corneal surface in keratoconus. If, for
a given cornea, the combined index is above the cut-off value, keratoconus is likely
to be present. This method detects keratoconus with a sensitivity of 68%, specificity
of 99% and accuracy of 90%.

The Belin-Ambrosio Enhanced Ectasia Display

The Belin-Ambrosio Enhanced Ectasia Display (BAD) combines elevation and
pachymetric data and compares it to an “enhanced best-fit-sphere”. This is calcu-
lated with a fixed optical zone of 8.0 mm, omitting the 4 mm around the elevated
cone [32]. It performs regression analysis (including standard deviations (SD) from
the mean) on changes in anterior and posterior elevation, corneal thickness at the
thinnest point, thinnest point displacement and pachymetric progression. Using
these values, it creates a new map, applying colours to represent variations from the
mean. The Belin intuitive scale with 61 colours and a 2.5 um step has been found to
be the most reliable for displaying the elevation maps [22].
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Table 10.2 The keratoconus predictability index (KPI) is derived by the discriminant analysis of
eight corneal indices [434]

Keratoconus predictability index (KPI) derived by discriminant analysis of:

Index

Description

Function

Simulated
keratometry (max)
(SimK1)

Power of the steepest
meridian

Simulated Power of the flattest meridian
keratometry (min)

(Sim K2)

Surface Difference in corneal power

asymmetry index
(SAI)

between points 180° apart

Non-specific indicators

Differential sector
index (DSI)?

Difference in average power
between sectors with greatest
and least power

Opposite sector
index (OSI)*

Greatest difference in average
power between any two
opposite sectors

Detection of an area of significant
localised steepening

Centre-surround

Comparison of average

Differentiate between normal corneas,

index (CSI)* power in central 3 mm zone regular astigmatism, peripheral
and annulus from 3 to 6 mm | steepening keratoconus and central
steepening keratoconus
Irregular Average power variation Detect corneal irregularity which can be

astigmatism index
(TAD)

along each semimeridian

Analysed area
(AA)

Ratio of the area of
interpolated data to the area
within the most peripheral
mire

associated with moderate and severe
keratoconus

To calculate the DSI and the OSI, the cornea was divided mathematically into eight pie-shaped
sectors, each subtending 45°. This reference pattern was then rotated about the central axis, up to
45°in 32 incremental steps. The corneal sector with the greatest average area-corrected power was
identified, and then the average area-corrected power was calculated for each of the remaining
seven sectors

“The DSI, OSI and CSI use the concept of “area-corrected power”. In videokeratographs peripheral
data points provide information about a larger area of cornea than do central ones. Therefore each
power was multiplied by the area of cornea from which it was derived. To calculate the average
power for a region of the cornea, the sum of the area-corrected powers was divided by the area of
that region

Automated Detection Programme for Subclinical Keratoconus

Incorporating more parameters into detection algorithms can enhance their reliabil-
ity. An automated screening programme based on artificial intelligence has been
developed utilising 56 parameters derived from topography, elevation maps,
pachymetry and wavefront analysis. It uses the best-fit toric aspheric reference sur-
face and has been shown to improve detection of subclinical keratoconus compared
to the best-fit sphere (BFS) [35, 36]. The system is based on an automated decision
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tree algorithm that automatically selects variables that best discriminate the study
population. This artificial intelligence system has the potential to improve the detec-
tion of mild ectatic corneas without requiring expertise in interpreting corneal imag-
ing. It has been shown to detect subclinical keratoconus with 93.7% sensitivity and
97.2% specificity [36, 37].

Neural Networks

The accuracy of these indices can be further improved by using discriminant analy-
sis embedded in an artificial intelligence mesh [26, 40]. Neural network models
simulate some common aspects of the biological nervous system (Chap. 5). They
contain facts and rules that enable them to make logic-based decisions. Information
passing through a neural network is able to modify its components in a process
simulating human “learning” in response to feedback. Therefore, with use and the
input of human-determined diagnoses, the network is able to improve its recogni-
tion skills as it gains “experience”. Using these techniques, the accuracy of detect-
ing keratoconus improves to 96%.

Topographic Classification

Since the development of corneal topography, it has been possible to classify
keratoconus on the basis of the appearance of colour-coded maps (Table 10.3).
Several subsets have been identified based on the size, location and shape of the
cone [16]. It is unknown to what degree these classifications have clinical impor-
tance. Further studies are required to investigate whether there are differences
between subtypes in their aetiology, associations, progression and effect on visual
performance.

Severity

The severity of keratoconus is related to the difference in power between the
steepest and flattest portions of the cornea. The more severe cases are also associ-
ated with increasing surface irregularity and stromal thinning. The advent of cor-
neal topography leads to the recognition of subclinical keratoconus, and the
development of various indices has helped to distinguish these from normal cor-
neas. Other systems have been developed to quantify the severity of established
keratoconus.

Table 10.3 Classification of Classification of keratoconus

keratoconus. Severity Site of cone | Shape of cone
Mild Inferior Typical/oval
Moderate Central Globus
Severe Superior Nipple
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Amsler-Krumeich Classification

This is the oldest and most commonly used classification system. It is based on
mean K readings on the anterior curvature sagittal map, the thickness at the thinnest
location and the refractive error of the patient (see Table 10.4) [41, 42]. However, it
does not utilise information which is now available due to technological advances in
corneal imaging.

ABCD Classification

This new classification system combines information from the anterior (A) and pos-
terior or back (B) radius of curvature (taken from the 3.0 mm zone centred in the
thinnest point), the thinnest corneal (C) pachymetry and the distance (D) best-
corrected vision. It adds a modifier for no scarring (—), for scarring that does not
obscure iris details (+) or for scarring that does obscure iris details (++) (Table 10.5).

Table 10.4 The Amsler- Stage | Findings
Krumeich classification for =
grading keratoconus

Eccentric steepening

Myopia, induced astigmatism, or both <5.00 D

Mean central K readings <48 D

2 Myopia, induced astigmatism, or both from 5.00 to 8.00 D
Mean central K readings <53.00 D

Absence of scarring

Corneal thickness >400 p

3 Myopia, induced astigmatism, or both from 8.00 to 10.00 D
Mean central K readings >53.00 D

Absence of scarring

Corneal thickness 300—400 p

4 Refraction not measurable

Mean central K readings >55.00 D

Central corneal scarring

Corneal thickness <200 p

Table 10.5 ABCD grading system for classifying keratoconus

A B C D
ARC (3mm |PRC (3 mm | Thinnest pachy

ABCD criteria | zone) zone) (pm) BDVA Scarring

Stage 0 >7.25 mm >5.90 mm >490 >20/20 -
(<46.5D) (<57.25D)

Stage 1 >7.05 mm >5.70 mm >450 >20/20 —+,++
(<48.0D) (<59.25D)

Stage 2 >6.35 mm >5.15 mm >400 <20/40 —+++
(<53.0D) (<65.5D)

Stage 3 >6.15 mm >4.95 mm >300 <20/100 —+++
(<55.0D) (<68.5D)

Stage 4 <6.15 mm <4.95 mm <300 <20/400 —+++
(>55.0D) (>68.5D)
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It utilises the central 3 mm zone centred on the thinnest point because this area bet-
ter represents the ectatic region than a single point parameter such as Kmax or
maximal elevation [43].

Location

The cone is most commonly positioned either inferiorly or inferocentrally. Other much
rarer presentations include central (Fig. 10.7) and superior (Fig. 10.8). However, one
study suggests that the principal steepening was above the horizontal meridian in as many
as 17% of corneas [50, 51], although it is less frequently so in most clinical practice.

Shape

Most cones have an oval shape on topography usually involving one or two quad-
rants (Fig. 10.2b). Outside these affected areas, the topography may have a rela-
tively “normal” appearance. Nipple-shaped and globus cones are much less
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Fig. 10.7 Central keratoconus. In this patient with the classic biomicroscopic signs of keratoco-
nus, the central cornea is usually steep. The bow tie is relatively symmetric and is contained almost
entirely within the 4 mm optical zone
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Fig. 10.8 Superior keratoconus. The irregular asymmetric bow tie has its steepest portion in the
superior cornea

common. Nipple-shaped cones are much more localised (<5 mm in diameter) and
are usually round, relatively central and completely surrounded by relatively flat
“normal” cornea (Figs. 10.9 and 10.10). In the globus variety, the cone is extensive
and involves up to three-quarters of the corneal surface. This probably represents a
clinical overlap with keratoglobus [13, 14, 25].

Information regarding the shape and extent of the cone can be of importance for
optimal contact lens fitting, especially for the nipple and globus varieties when
aspheric shapes are preferable.

Differential Diagnosis

Significant paracentral corneal steepening is not unique to keratoconus (Table 10.1).
Before the diagnosis is confirmed, other conditions causing a similar appearance
should be excluded.

Artefact
Eccentric fixation by the patient or decentration of the topography equipment can
produce maps resembling keratoconus when the cornea is in fact normal [52, 53]
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(Fig. 6.7). If there is any doubt or the patient appears to have subclinical keratoco-
nus, the examination should be performed again with particular attention given to
fixation and alignment.

Contact Lens-Induced Corneal Warpage

Inferior corneal steepening can result from corneal warpage due to superiorly
decentred rigid contact lenses [27] (Fig. 7.8). This may persist for many weeks after
lens removal.

Corneal Disease
Keratoconus forms part of the spectrum of corneal ectatic diseases which also
includes keratoglobus and pellucid marginal degeneration [54] (Fig. 9.6).

Corneal Surgery

Localised corneal steepening may result from penetrating keratoplasty, epikerato-
phakia, hyperopic photorefractive keratectomy and other refractive procedures (Fig.
14.4). However, the aetiology should be apparent from the history and biomicro-
scopic examination.
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Fig. 10.10 Shows the display for the BAD in a patient with KCN. The top two elevation maps are
the regular elevation maps relative to the standard BES with the front and back surfaces on the left
and right respectively. The radius of the BFS and diameter of the zone used are at the top of each
picture. In the middle pictures are the enhanced or exclusion maps which reference the enhanced
BAD BFS. A red circle marks its location. The bottom pictures show the difference between the
standard elevation and enhanced or exclusion maps. Green represents normal cornea with a change
of less than 5 pm on the anterior surface and 12 pm on the posterior surface of the cornea; yellow
indicates suspicious cornea (at least 1.6 SD from the mean) with a change of between 5-12 pm for
the anterior surface and 12—16 um for the posterior surface. A value of +15 at the thinnest point
warrants suspicion as it occurs in less than 1% of normal corneas.* Red indicates an abnormal
cornea (at least 2.6 SD from the mean) with a change greater than 7 pm anteriorly and greater than
16 posteriorly. In normal eyes, an average elevation value at the thinnest point is 3.6 +4.7 pm with
a cut off for keratoconus at 14 pm [33, 34]

Contact Lens Fitting

Computerised videokeratoscopy / scheimpflug imaging can be of great value in
the contact lens management of keratoconus both in early and severe cases [55]
(Chap. 7). Traditionally keratometry has been used to fit lenses in such eyes.
However, keratometry readings, which only obtain data from four points within
the central 3.0 mm of the cornea, can be inaccurate and may even be misleading
in eyes with keratoconus.
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Subtraction of height data from a best-fit sphere demonstrates the mismatch in
shape between the anterior surface of the cornea and the posterior surface of a con-
tact lens. This is particularly helpful in cases with corneal irregularities such as
proud nebulae.

Penetrating Keratoplasty

Serial topography after penetrating keratoplasty for keratoconus has revealed large
configurational changes in the 1st month after surgery, which can then remain rela-
tively stable until suture removal [56]. Topographic analysis has been more effec-
tively used than keratometry to identify the steep meridian after keratoplasty because
it examines a large rea of cornea rather than the central 3 mm. It has been used to
direct selective suture removal to reduce astigmatism after surgery and enhance
visual performance (Chap. 11). However, removal of tight sutures and not those of
normal tension can just result in a change in the axis of the astigmatism because the
region of the removed suture is then flatter than the areas on either side where the
sutures remain.

Topography is also more accurate for planning subsequent astigmatic keratot-
omy and laser corneal refractive procedures (Chap. 13).

In some eyes, astigmatism may increase gradually many years after surgery. It
has been thought that this represents either recurrence of the disease in the graft [57]
or the presence of undiagnosed keratoconus in the donor material [58]. The use of
topography may elucidate the true incidence of recurrent disease. In addition, topo-
graphic analysis may provide a better understanding of the effects of surgical vari-
ables such as graft size and decentration on the optical results after penetrating
keratoplasty [59].
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Any form of ocular surgery has the potential to alter the surface topography of the
cornea. In some cases such as refractive and certain corneal procedures, this is the
desired effect (Chaps. 12, 13 and 14), but in other cases, the changes induced may
lead to a reduction in postoperative visual performance (Chaps. 11, 12, 15). This
section describes how a variety of ocular procedures can influence corneal
topography.

All surgical operations consist of a series of planned manoeuvres and traumatic
events, each of which can act through one or more mechanisms to influence corneal
shape [1-3]. The effect of each mechanism in individual patients is modified by the
preoperative and postoperative environment (Table 11.1). In this chapter, the basic
principles underlying these mechanisms are described, using keratoplasty as an
example of a fundamental corneal procedure.

In patients undergoing keratoplasty, corneal topography is valuable preopera-
tively to assess corneal astigmatism and postoperatively to guide suture removal or
subsequent refractive surgery. In addition, analysis of the information provided has
been used to improve surgery and optimise visual outcome. Intraoperative keratos-
copy is valuable for modifying corneal shape during surgery, either by guiding the
length and depth of incisions or through the adjustment of the tension of corneal
sutures.

Mechanisms

Corneal surgery can induce topographic changes both directly, at the site of the
surgical trauma, and indirectly at distant sites as a result of “coupling”. Direct
effects include local changes to the corneal epithelium, stroma or overlying tear
fluid (Chap. 8). Indirect effects occur when corneal incisions are deep enough, or
forces are great enough, to disrupt the mechanical integrity of the cornea by desta-
bilising the shape and arrangement of collagen fibres in the corneal stromal lamellae
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Table 11.1 Factors affecting the topographic outcome of corneal surgery

Factors affecting topographic outcome of corneal surgery

Preoperative Corneal disease
Pre-existing astigmatism
Intraoperative Incision

Location
Length
Depth
Architecture

‘Wound closure

Alignment

Suture bites — length,
depth and tension

Suture orientation

Suture material

Postoperative Suture adjustment

Wound healing

Therapeutic agents

Complications
Infection

Inflammation

Vascularisation

(Chap. 9). Following a surgical procedure, several mechanisms may be effective
simultaneously, and their interaction can generate complex topographic patterns.

In each case, the primary topographic change can be classified as corneal steep-
ening, corneal flattening or irregular astigmatism (Fig. 11.1).

Corneal Steepening

Corneal steepening is most commonly the result of a tight suture in the corneal
periphery (Fig. 11.1a). Tissue compression within the suture bite depresses the lim-
bal cornea towards the centre of the globe, thereby increasing the curvature of the
central cornea [1, 2]. This is associated with a small area of flattening immediately
within the area of the suture and a secondary flattening in the meridian perpendicu-
lar to the suture, as a result of coupling (Fig. 11.2).

Localised corneal steepening may result from vertical wound misalignment in
which the central edge under-rides the peripheral edge. Other local causes include
oedema of the wound margin, proud scar tissue or cautery causing tissue contrac-
tion [4] (Fig. 11.1b).
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[Mechanisms by which corneal topography can be altered by sutured corneal incisions|

Corneal steepening

a b

Cautery
causing tissue
contraction

Tight suture
causing tissue
compression

Vertical wound
misalignment

Loose suture

Irregular astigmatism

e Irregular suture tension f Horizontal wound misalignment

Fig. 11.1 Surgically induced astigmatism. Sutured corneal incisions such as those made during
corneal graft surgery or extracapsular cataract extraction can alter corneal topography by wound
compression, gape or misalignment. (a—d) are cross sections through the cornea at the site of the
incision. (Arrows = direction of the forces exerted; dashed lines = original position of the cor-
neal surface.) In (e) and (f), the cornea is viewed from anteriorly (Arrows indicate tight sutures
in (e) and the wound misalignment in (f); dashed lines would have been continuous prior to

surgery in (f))
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Fig. 11.2 Regular corneal
graft astigmatism (steep).
Regular astigmatism due to
particularly tight sutures at
0° and 180°. This has the
appearance of a horizontal
red bow tie because the
cornea is prolate (steeper
in the centre than the
periphery). Coupling has
resulted in flattening of the
perpendicular meridian

Corneal Flattening

Corneal flattening is most commonly due to wound gape [1]. This is sometimes seen
to a minor extent in small unsutured wounds but more commonly in larger wounds
with inadequate support or closure (Fig. 10.1c). At the time of surgery, sutures may
be too few in number or tied too loosely. Sutures placed too superficially may result
in posterior wound gape, which has a similar topographic appearance [5].
Postoperatively, sutures may become loose as a result of cheese-wiring, knot-
slippage, suture-related inflammation, degradation of absorbable sutures or prema-
ture removal. Similarly, any process that delays or impairs wound healing such as
infection or the use of intensive or prolonged postoperative topical corticosteroid
regimens can be associated with wound gape [6].

Wound gape increases the circumference of the globe in the meridian perpendicu-
lar to the line of the incision, thereby flattening the incisional meridian (Figs. 11.3,
12.2 and 12.3). If the wound edges are in poor apposition and the gaping area is filled
by fibrovascular scar tissue, this may later stretch leading to increased corneal flat-
tening. Coupling frequently results in steepening of the perpendicular meridian.

Vertical misalignment of the wound with the central edge over-riding the periph-
eral edge also produces wound-related corneal flattening (Fig. 11.1d). Other local-
ised causes include stromal compression, tissue destruction, subepithelial fibrosis
[7] or disruption of the air-tear fluid-epithelium interface.

Irregular Astigmatism

Astigmatism is most likely to be regular if due to either a single or a uniform
structural defect. This is usually relatively easy to correct either optically or
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Fig. 11.3 Regular corneal
graft astigmatism (flat).
Astigmatism due to
particularly loose sutures
at 120° and 285°. This has
the appearance of a vertical
blue bow tie because the
cornea is oblate (flatter in
the centre than the
periphery). This has arisen
from the suturing being
rather loose overall.
Coupling has resulted in
steepening of the
perpendicular meridian

Fig. 11.4 Asymmetrical
corneal graft astigmatism.
Keratometry and refraction
agreed that the steep axis
was at 50°. However,
corneal topography
revealed the 230°
semimeridian was much
steeper than the 50°
semimeridian. Sutures
would need to be removed
from 90° arc inferiorly but
only a 20° arc superiorly

surgically. However, more complex anatomical changes can result in irregular
astigmatism, which produces greater visual dysfunction and is more difficult to
correct [8, 9]. Bi-oblique astigmatism (non-perpendicular axes) may occur if
nonadjacent sutures are overtightened (Fig. 11.1e). A torsional effect results
from a horizontal misalignment of the wound, whether due to a mismatching of
its edges or non-radial suture bites (Fig. 11.1f). Areas of both wound gape and
compression occur, resulting in complex and irregular topographic patterns
(Figs. 11.4, 11.5 and 11.6).
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Fig.11.5 Irregular
corneal graft astigmatism.
The instantaneous axes
show that the steep
meridians are at an angle
to each other (oblique
astigmatism) (a). Removal
of the tight sutures thus
identified reduced the
magnitude of the
astigmatism and rendered
it regular (b) and amenable
to optical correction
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Topography After Keratoplasty

Corneal transplantation may involve either full-thickness (penetrating) or partial-
thickness (lamellar) keratoplasty. In either technique, procedures involving the
majority of the anterior layers of the cornea (penetrating, deep anterior lamellar or
tectonic) can generate substantial changes in the corneal topography, whereas those
involving thin or posterior layers (endothelial keratoplasty) have little effect.
Penetrating keratoplasty is the type of corneal transplantation that has been stud-
ied most. The procedure involves a 360° incision and replacement of the whole of
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Fig.11.6 Steep-flat
corneal graft astigmatism.
In this form or irregular
astigmatism, the cornea is
steeper on one side and
becomes progressively
flatter towards the other
side

the central cornea, so the resulting topographic appearances are varied and may be
highly irregular and non-physiological. The videokeratoscopic patterns have been
described using both simple [10] and more complicated [11] classifications. Both
systems utilise the shape of the corneal profile and the presence of asymmetry and
irregularity.

Classification

The corneal profile is classified as prolate if the centre is steeper than the periphery,
oblate if the centre is flatter than the periphery or mixed (Figs. 11.2 and 11.3).
Asymmetry is present if the ends of the bow tie are significantly different sizes
(Fig. 11.4) and irregularity if they are at an angle to one another (Fig. 11.5). Other
irregular patterns are classified according to their appearance (Fig. 11.6, Table 11.2).

After penetrating keratoplasty, the ends of a bow tie are frequently wedge-
shaped, with straight edges (Fig. 11.7), rather than the “figure-of-eight” configura-
tion with rounded ends seen in normal corneas. This occurs because the donor
button, once removed from the surrounding cornea, tends to be spherical in cross
section, rather than prolate, and the shape has less continuity with that of the sur-
rounding host cornea.

Incidence

The reported incidence of topographic patterns varies between studies (Table 11.3).
This is because small variations in surgical technique can have markedly different
effects on corneal topography. With modern advances in eye banking and
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Table 11.2 Classification of topographic patterns occurring after penetrating keratoplasty [913]

Classification of topography after keratoplasty

Pattern
Non-astigmatic
Regular astigmatism
Oval
Prolate
Symmetric bow tie
Prolate
Asymmetric bow tie
Oblate
Symmetric bow tie
Oblate
Asymmetric bow tie
Irregular astigmatism
Mixed
Prolate

Irregular
Oblate

Irregular
Horseshoe pattern
Triple pattern
Steep/flat pattern

Localised steep
pattern
Unclassified

Fig. 11.7 Truncated bow

tie pattern. After

penetrating keratoplasty,
the ends of the bow tie are
frequently wedge-shaped
with straight edges because
the donor button tends to
be more spherical than

prolate, once removed
from the scleral ring

Description

Round

Angle between axis of two halves of bow tie <20°
Ratio shortest: longest diameter <2/3

Steeper centrally than peripherally (red bow tie)
Ratio small bow: large bow >2/3, or difference < 1D
Steeper centrally than peripherally (red bow tie)
Ratio small bow: large bow <2/3, or difference >1D
Flatter centrally than peripherally (blue bow tie)
Ratio small bow: large bow >2/3, or difference < 1D
Flatter centrally than peripherally (blue bow tie)
Ratio small bow: large bow <2/3, or difference >1D

Steep/flat pattern with bow tie

Steeper centrally than peripherally (red bow tie)

Angle between axis of two halves of bow tie >20°

Steeper centrally than peripherally (blue bow tie)

Angle between axis of two halves of bow tie >20°

Partial annulus of increased corneal power at graft-host interface
Three distinct areas of radial steepening

Steeper on one side, becoming progressively flatter towards the other
side

Eccentric area of localised steepness, <25% of corneal diameter
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Table 11.3 Incidence of the various topographic patterns at least 1 year after penetrating kerato-
plasty [913, 781]

Karabatsas et al. [11] Tripoli et al. [10]

(n=285) (n=45)

Non-astigmatic 5% 5%

Regular astigmatism 24%

Oval 4%

Prolate 0% Prolate 31%
Symmetric bow tie

Prolate 7%
Asymmetric bow tie

Oblate 7% Oblate 31%
Symmetric bow tie

Oblate 6%
Asymmetric bow tie

Irregular astigmatism 72%

Mixed 8% Mixed 18%

Prolate 6% Asymmetric 9%

Irregular

Oblate 5%

Irregular

Horseshoe pattern 4%

Triple pattern 4%

Steep/flat pattern 13% Steep/flat 13%

Localised steep pattern 19%

Unclassified 14%

microsurgical techniques, optically clear grafts can be obtained in a high percentage
of cases. However, postoperative astigmatism is still a significant factor that often
limits visual rehabilitation [12—-16]. It has been estimated that approximately 10%
of penetrating keratoplasties have more than 5.00DC of keratometric astigmatism
[17], and in keratoconic eyes, this may be as high as 27% [18].

Recent data from the National Health Service Blood and Ocular Tissue Advisory
Group has shown stable visual outcomes 25 years following penetrating or endothelial
keratoplasty [19]. The majority of keratoconus patients with a penetrating keratoplasty
(PK) or deep anterior lamellar keratoplasty maintained their visual acuity (651/868;
75%), whilst 15% (133/868) improved and 10% (84/868) deteriorated. Similarly, most
patients with Fuchs endothelial dystrophy (FED) who received a PK maintained their
vision (395/569; 70%), whilst 18% (105/569) improved and 12% (68/569) deteriorated.

Modifying Factors

Although the topographic outcome of surgery is highly dependent upon surgical
technique, it is also modified by preoperative and postoperative factors
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Table 11.4 Factors affecting the topographic outcome of penetrating keratoplasty

Factors affecting topographic outcome of penetrating keratoplasty

Preoperative Corneal disease in recipient
Corneal thickness

Previous surgery

Pre-existing astigmatism in donor or recipient cornea
Intraoperative Trephination of donor and recipient
Relative sizes

Precision (e.g. centring, verticality, ledges)

Alignment of the donor cornea in the recipient

Suture technique

Tension

Length

Depth

Orientation

Postoperative Suture adjustment

Wound healing or dehiscence

Graft rejection

Recurrence of original pathology
Complications
Infection

Inflammation

Vascularisation

Trauma

(Table 11.4). There are numerous studies within the literature based on refrac-
tive and keratometric data which attempt to examine the relative importance of
each.

The development of corneal topography has provided a powerful investigative
tool with which such factors can be examined in greater detail. For example, video-
keratoscopy has been used to investigate diurnal variation in corneal shape after
keratoplasty [20] and the rate and pattern of postoperative stabilisation in cases of
keratoconus [21]. Further topographic studies should both improve our understand-
ing of the pathogenesis of astigmatism after keratoplasty and allow the development
of surgical strategies to minimise and correct it.

Preoperative Factors

The ease and the outcome of surgery are partially determined by the state of the
cornea preoperatively. Corneal topography can help in the selection of the appropri-
ate size of graft. In cases such as keratoconus, the area of cornea affected by irregu-
lar astigmatism can be identified and encompassed by a sufficiently large trephine.
Slit photography systems (Chap. 3) can measure corneal pachymetry to identify thin
areas to be avoided by the graft-host junction. In addition, knowledge of the
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uniformity of corneal thickness under the trephine can help the surgeon avoid creat-
ing irregularities of the graft-host interface.

Intraoperative Factors

For all types of anterior segment surgery, the factors with greatest influence on post-
operative corneal topography are the incision and its closure.

Incisions

The characteristics of the incisions selected for a particular procedure will depend
upon whether it is intended to alter the topography of the cornea. Refractive proce-
dures aim to maximise the effect of an incision on the topography, whereas non-
refractive procedures will aim to minimise these effects.

Incision Location

The closer a wound is made to the corneal centre, the greater its effect on the corneal
topography [22]. Induced astigmatism is less for larger corneal grafts than for small ones
and for cataract incisions made in the sclera or limbus than those in the cornea [23-25].

Incision Length

Larger incisions tend to induce greater changes in topography than short ones. This
has been clearly demonstrated by small incision cataract surgery in which 2 mm
wounds are associated with much less astigmatism than procedures performed
through 12—13 mm wounds and less than even those performed through 5 mm inci-
sions [4, 8, 24, 26-32]. Penetrating keratoplasty represents an extreme situation in
which the incision involves 360° of the corneal circumference, as opposed to 30—40°
or 120° in cataract surgery. With increasing incision length, there is a correspond-
ingly greater risk that the astigmatism induced will be irregular.

Incision Depth

Increasing depth of incision is also associated with greater topographic changes.
The use of lamellar keratoplasty reduces the risk of astigmatism compared to a full-
thickness procedure. Similarly with radial keratotomy, if the refractive effect of the
initial procedure is insufficient, augmentation may be performed by increasing the
depth of the original incisions.

Incision Architecture

Over recent years, there have been attempts to minimise the corneal astigmatism
induced during ocular surgery by altering the cross-sectional profile of wounds [24,
33, 34]. Many different profiles have been investigated, including vertical, those
bevelled anteriorly or posteriorly and two-, three- or four-stepped incisions.
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In corneal graft surgery, the wound margins should be as vertical as possible
without any unintended notches or ledges, so that the donor closely opposes the
host. The buttons are usually centred on the corneal landmarks rather than the site
of disease in order to minimise astigmatism. Most surgeons oversize the diameter of
the donor button by 0.25 mm relative to the host to compensate for elastic contrac-
tion of the corneal tissue and to avoid leaks. Oversizing by 0.5 mm may result in
corneal steepening, whilst the use of the same sized trephine for both donor and host
may produce corneal flattening.

For cataract surgery incisions, some investigators have attributed importance to
the horizontal component of the wound profile. It has been postulated that by creat-
ing a tunnel or flap, the increased surface area for healing will result in greater
wound stability and will in turn lessen any postoperative changes in topography.

Wound Closure

Non-astigmatic wound closure requires that the wound margins should be accu-
rately aligned and held securely in position by sutures of the appropriate tension.

Alignment

During wound closure, appropriate alignment of the margins of the incision is
essential. Vertical misalignment causes regular local steepening or flattening, whilst
horizontal misalignment is associated with irregular astigmatism (Fig. 11.1).

In large-incision cataract surgery, the ends of the incision are tethered, and the
two margins of the wound should match. Therefore, alignment just requires that the
tissues should be returned to their original position. For large incisions, some sur-
geons insert preplaced sutures before making the corneal incision full-thickness, to
ensure accurate alignment of the wound edges [9].

However, in keratoplasty, the two wound margins may match less well, particu-
larly if there is irregular astigmatism in the host or corneal disease affecting the
graft-host junction. If the tissue on either side of the wound is of different thick-
nesses, care must be taken that the suture bites are of equal depth. An additional
problem in keratoplasty is that the donor tissue is freely mobile, and therefore the
positioning of the second cardinal suture at 180° from the first is critical, ensuring
equal distribution of tissue on either side of the diameter between the two sutures.

Suture Bites

Undue tension in sutures causes tissue compression and wound-related corneal
steepening [2]. The longer and deeper the bites, the greater the volume of tissue that
can be compressed, but the easier it is to control the tension. Sutures which are too
loose or superficial favour wound gape and corneal flattening [5]. Some surgeons
use continuous rather than interrupted sutures in the hope that the tension will be
evenly distributed along the length of the wound [9, 35]. However, in practice, it is
possible to create great variability in the tension of the suture and overtighten it or
leave it too loose.
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Suture Orientation

Sutures should be placed perpendicularly across an incision. For keratoplasty or
cataract surgery, where the incision is parallel with the limbus, this means that the
sutures should be radial. Sutures in any other orientation will tend to drag one
wound edge relative to the other, resulting in horizontal misalignment.

Suture Material

Wounds sutured with silk or absorbable sutures (e.g. catgut, Vicryl) initially demon-
strate wound-related steepening, which after 6-8 weeks converts to flattening as the
sutures are degraded [1, 6, 36—40]. In contrast, monofilament nylon, which is an
inert non-absorbable suture with a relatively high tensile strength, allows minimal
natural decay of induced astigmatism, until the suture is removed [1, 3, 5, 8, 41-45].
Any natural decay which does occur is greatest in the first month postoperatively
[21]. The use of well-constructed small (<4 mm) self-sealing incisions avoids the
use of sutures and their related complications [3] and is not associated with signifi-
cant wound-related flattening [8, 25].

Intraoperative Topography

Keratoscopy can be performed intraoperatively using conical Placido rings viewed
through a central hole, a circular plastic ring which focuses the microscope light on
the cornea or a microscope-mounted ring of lights. Many surgeons advocate its use
during the suturing of corneal wounds in order to reduce surgically induced astig-
matism [46—49], but others are unconvinced of its value [50]. This latter view is
supported by two explanations: firstly, the configuration of the globe during surgery
may not be the same as postoperatively due to the speculum, abnormal intraocular
pressure, etc. and, secondly, corneal topography changes spontaneously with heal-
ing during the months after surgery and when the sutures are removed. However,
obtaining a symmetric corneal shape at the end of surgery is likely to provide more
rapid visual rehabilitation.

Postoperative Factors

Corneal topography is useful following keratoplasty to identify tight sutures for
removal, to determine the corneal component of a poor optical outcome and to
plan astigmatic correction [12, 51-57] or cataract surgery [58] (Chap. 12), if
required.

Suture Adjustment

In wounds closed by non-absorbable sutures, selective suture manipulation postop-
eratively is an effective way of reducing wound-related corneal steepening [59, 60].
For limbal and peripheral corneal incisions, this may be performed at 8-12 weeks
postoperatively [61, 62], but for central corneal sutures [63] and following
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keratoplasty, it may not be safe to remove sutures for many months [61, 64]. In
patients receiving topical corticosteroids, corneal wound healing is retarded, so
suture removal should be delayed.

For interrupted sutures, those which are tight can be removed from the steep
axis/axes at the appropriate time [61, 62], but the area of removal then tends to be
flatter than the areas where sutures remain, and the axis of the astigmatism swings
round. Unless there is one particularly tight suture, it is often more effective to
remove all the sutures at the same time once the wound is sufficiently healed.
Continuous sutures may be removed entirely [65], or alternatively the tension in the
suture may be redistributed by easing it loop by loop from flat areas to steep areas
[60, 66], but this risks breaking the suture. Corneal topography is of greater benefit
than keratometry for suture adjustment following keratoplasty, because it will iden-
tify more accurately the location of the tight sutures, particularly if there is more
than one.
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Cataract Surgery 1 2

Cataract surgery is usually performed with the aim of improving vision. Over the
years, technological advances have enabled a greater and greater degree of improve-
ment to be achieved. Originally, surgeons concentrated on the removal of the opaci-
fied lens to enable light to enter the posterior portion of the globe. With the
introduction of microsurgery and intraocular lenses, patients could hope for a return
of good best-corrected visual acuity. Following the most recent developments in
cataract surgery, attention has turned to ensuring that light is brought to an optimum
focus on the retina, in order to provide patients with good uncorrected vision.

However, the lens contributes only one-third of the total focusing power of the
eye. The remaining two-thirds arises from the convex shape of the anterior corneal
surface. This has two important implications for cataract surgery. Firstly, knowledge
of the power contributed by the cornea is essential to accurately calculate the power
of intraocular lens to be inserted. Secondly, very small changes in corneal shape can
have a dramatic effect on the precision with which light rays are brought to a focus
on the retina. Therefore, incisions made in the cornea or anterior sclera during cata-
ract extraction have the potential to change the refraction of the eye. Assessments of
corneal topography can be used to minimise the adverse results of these incisions
and even utilise their effects to advantage.

It has long been known that the surgical removal of cataracts can be associated
with marked changes in corneal curvature, which can limit visual rehabilitation
postoperatively [1, 2]. In 1864, before corneal sutures were available, Franz Donders
reported the occurrence of “against-the-rule” astigmatism (flattening in the vertical
meridian) following cataract extraction [3]. Keratometric measurements were sub-
sequently documented by von Reuss and Woinow in 1869 [4]. For almost the next
century, the basic techniques for cataract surgery changed little and were associated
with significant ocular morbidity.

Over recent decades, there have been numerous changes, which have resulted in
great improvements in efficacy. Intraocular lenses (IOLs) have been developed and
refined, as have suture materials, surgical microscopes and micro-instrumentation.
Techniques have evolved from intracapsular to extracapsular procedures and then to
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Table 12.1 Role of corneal topography in cataract surgery

Role of topography in cataract surgery
Preoperative Calculation of IOL power
Planning the incision
Location
Length
Architecture

Intraoperative Suture adjustment (limited value)

Postoperative Suture adjustment

Investigation of a poor outcome

Surgical correction of induced astigmatism

IOL intraocular lens

small-incision techniques with phacoemulsification and foldable lens implants.
Cataract surgery is now routinely performed on a day case basis with rapid visual
rehabilitation, little morbidity and high expectations of a successful outcome by
both surgeons and patients alike.

Nowadays, the aim of cataract surgery is to return patients to good uncorrected
vision. This requires that their final refraction should be within 0.5D of emmetropia
or a predetermined ametropic result and that pre-existing and surgically induced
astigmatism should be minimised [5, 6]. In order to achieve this, the refractive ele-
ment of each stage of surgery has to be optimised. This is facilitated, particularly in
difficult cases, by the use of corneal topography [7, 8] (Table 12.1).

Preoperative Topography

The preoperative assessment of corneal topography has two roles in cataract surgery
(Fig. 12.1). Firstly, as an alternative to keratometry, it can provide a representative
measure of corneal curvature or power, which is necessary for the calculation of
IOL power. Secondly, knowledge of the magnitude and location of pre-existing
astigmatism is important if it is to be reversed by (a) the appropriate placement and
construction of the wound during surgery, (b) the insertion of a toric IOL or (c¢)
postoperative “top-up” femtosecond or excimer laser correction.

Calculation of IOL Power

Prior to cataract surgery, the power of intraocular lens required to give the desired
postoperative refraction is determined. This is most frequently done by using mea-
surements of corneal power and axial length in a mathematical or theoretical for-
mula [9-18]. There are several different formulas in use, but one of the original ones
(and now obsolete) is the SRK formula:

P=A4-25L-09K
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Fig. 12.1 Role of
topography in cataract
surgery. In cases with
irregular corneas,
topography can improve
the uncorrected visual
outcome by increasing the
accuracy of intraocular

Keratometry. Corneal topography

D :

Mean central Preexisting astigmatism

corneal (location, magnitude, regularity)
power
plus Astigmatically Vector analysis

lens (IOL) power Accurate axial ~ neutral cataract to calculate
calculations and enabling length surgery requnjed '”‘,’“C‘ed
the astigmatism to be measurement plus astigmatism
addressed at the time of +
surgery Cataract incision
centred on steep
meridian
plus Reflective Toric +
Appropriate  corneal intraocular plus
IOL power procedure lens Wound construction-
formula closure to induce
required astigmatic
Selective suture change
removal if required
Required Minimal astigmatism
spherical
result

(e.g. 0 to —1.00D)
L

Good uncorrected acuity

where P is the power of the intraocular lens required for emmetropia, A is a constant
particular to each model of lens, L is the axial length of the eye (mm) and K is the
keratometric power (D). The postoperative refraction in a given patient is dependent
upon the accuracy of the biometric data and its appropriate use in the formula
(Fig. 12.1). Newer-generation formulas (Barrett, Haigis, Hoffer Q, Holliday,
SRK/T) take into account more parameters, such as anterior chamber depth (ACD),
lens thickness, white-to-white corneal diameter, effective lens position and preop-
erative refraction to generate greater accuracy in predicting postoperative refraction
[9-15]. Recently, the Hill-RBF calculator has been devised. It is a self-validating
method of IOL power selection that utilises radial basis function and is entirely
data-driven. Therefore, it is independent of the limitations of theoretical formulas
which make assumptions regarding effective lens position [15].

The corneal curvature is commonly been measured by keratometry, with the
mean of the two readings being used in the formula. For the majority of normal
corneas, the small variability of the keratometry readings gives an accuracy of IOL
power within the 0.5D step interval of manufactured lenses [19, 20]. In this group,
variability in the measurement of the axial length tends to be the greatest source of
discrepancy in the IOL power prediction [21]. For devices that measure both
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Table 12.2 Alternative groups of topographic data points which could be used to generate the
keratometric values in the formula to calculate the power of an intraocular lens

Data point options s

Keratometric equivalent at the 3 mm zone [813, 814] (average of the steepest and flattest
meridians)
Average curvature of the 3 mm ring [800]

Average curvature of the 4 mm ring
Mean central corneal power 800]
Centrally weighted mean corneal power [461]

keratometry and axial length (such as the optically based biometers), it is usually
preferable to use its own keratometry measurements if they are accurate, as the
algorithms within the device are calibrated using those.

In contrast, this is not necessarily the case for patients who have corneal
pathology or have undergone previous corneal or refractive procedures [7, 22—
32]. When the cornea is irregular, a better prediction of the required IOL power
can be obtained by using corneal topography than keratometry to measure the
corneal curvature [19, 33]. As a result of generating many more data points, cor-
neal topography has the advantage of representing these corneas more accu-
rately; but with it comes the difficulty of knowing which data points to use in the
IOL power calculations [19, 34] (Table 12.2). Moreover, different sets of data
points may be most accurate with different formulas [15, 21]. On the whole,
measurements using a greater number of data points from nearer the central cor-
nea are most useful.

Planning the Incision

Knowledge of the magnitude, location and regularity of pre-existing astigmatism is
important if it is to be reversed prior to or during cataract surgery (Fig. 12.1). Vector
analysis can be used to calculate the induced astigmatism, which needs to be added
to the existing astigmatism in order to produce the desired spherical end result [30,
35]. This may be achieved by three alternative methods [5, 36]. Firstly, astigmatic
keratotomy may be performed prior to or during cataract surgery [37-39]. Secondly,
a toric intraocular lens can be implanted. Thirdly, the astigmatism may be addressed
by using the appropriate placement and construction of the incision [40]. This is
done by centring the incision on the steep meridian and using a wound construction-
closure combination that will produce the required astigmatic decay [41]. If sutures
have been used, the effect can be further titrated against the topography by selective
suture removal postoperatively.

Incision Location

Surgically induced changes in corneal contour are less following more peripheral
(posterior) incisions in the sclera or limbus [22, 41, 42] than those involving the
cornea. Some authors have claimed that for smaller incision surgery, some inci-
sion sites (e.g. superotemporal or temporal) cause less astigmatism than others
[40, 43].
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Incision Length

There is now a huge quantity of literature supporting the theory that smaller inci-
sions are associated with less surgically induced change in corneal contour, a more
stable refraction, earlier visual recovery and a better uncorrected visual acuity, par-
ticularly early after surgery [6, 44-51]. Since the introduction of intraocular lenses
with flexible optics, it has been shown that an unsutured 2.0 mm incision is usually
associated with less than 0.5D against-the-rule shift in corneal astigmatism.

Incision Architecture

Multiplanar incisions are commonly used to aid vertical alignment and give the
wound greater stability. As incisions have become smaller, a tunnel construction has
been introduced to make wounds self-sealing, thereby avoiding the need for sutures
and the consequent suture-induced astigmatism [6, 40, 52, 53].

Wound Closure

Sutureless Incisions

The use of well-constructed self-sealing incisions avoids suture-related complica-
tions, and postoperative astigmatism is no longer the frequent and serious problem
it used to be [6, 46, 48]. Unsutured small incision wounds typically show only a
mild “against-the-rule” astigmatic shift (<1.00D) which tends to decay with time
[15, 47, 51, 54] (Fig. 12.2). If flattening occurs, it tends to remain localised to the
area of the wound, and does not necessarily reduce uncorrected visual acuity unless
it encroaches on the central cornea (Fig. 12.3).

Sutured Wounds
If large (>5 mm) wounds require suturing, monofilament nylon is commonly used.
This is an inert non-absorbable suture with a relatively high tensile strength, which
allows minimal natural decay of induced astigmatism (Figs. 12.4 and 12.5), until the
suture is removed [55-59]. For small incisions (<5 mm), a thin monofilament
absorbable suture such as Vicryl is often used as it will disintegrate in about 1 month.
To minimise surgically induced astigmatism, radial sutures should be relatively
deep and of moderate length to prevent tissue compression or wound gape [2, 55]
(Chap. 11). For tunnel incisions, some studies suggest that horizontal, triangular or
mattress sutures are associated with less wound-related steepening than either radial
or cross sutures [5, 22, 60].

Topography After Cataract Surgery

The topographic changes induced as a result of cataract surgery are similar to those
induced by other surgery in the peripheral cornea or at the limbus such as endothe-
lial transplantation and can therefore be used as a model for describing those
changes. Any changes induced during surgery can be displayed using a “change” or
“difference” map which compares two maps, by subtracting the preoperative mea-
surements from the postoperative measurements [34] (Chap. 5). As most of the pri-
mary changes relate to the incision site in the corneal periphery, they are shown to
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Fig. 12.2 Small incision flattening. A patient with oval-pattern topography underwent phaco-
emulsification through an unsutured superior 3.2 mm clear corneal tunnel of length 2 mm. (a) One
week postoperatively, there was localised flattening associated with the incision and just extending
into the pupillary aperture. However, the central cornea remained regular, and there was less than
half a dioptre of astigmatism. (b) By 3 months, the flattening was reducing and was largely outside
the pupillary zone. (¢) At 1 year, the topography was regular again. Note the difference in the scales
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Fig. 12.3 Large incision flattening. Following extracapsular cataract extraction through a 12 mm
incision which is sutured too loosely, the induced corneal flattening involves the central cornea. In
this case, 2.40DC astigmatism has been generated
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diopters

Fig. 12.4 Small incision steepening. Phacoemulsification was performed through a corneal tun-
nel. This was closed by a single X-suture at 65° which induced 2D of corneal astigmatism. There
was local peripheral steepening associated with the paracentesis at 340°, which settled rapidly
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Fig. 12.5 Large incision steepening. Following extracapsular cataract extraction, the 12 mm inci-
sion was closed with five interrupted nylon sutures. (a) The sutures at 40° and 130° were too tight,
producing focal steepening in these semimeridian and irregular (bi-oblique) astigmatisms.
Refraction or keratometry alone identified the steep axis at 115° and the flat axis at 25°. This would
have identified the wrong suture for removal in the nasal cornea and overlooked the tight suture in
the temporal cornea. (b) Once the tight sutures were removed, the cornea reverted to a regular pat-
tern which could be corrected by a spherocylindrical lens
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Table 12.3 Classification of the topographic changes induced by cataract surgery [465, 763]

Topographic changes induced by cataract surgery

Location Magnitude

Central >1D, within the central 2x2 mm
Peripheral >1D, away from the wound
Wound-related Extending to within:

1+ Central 7 mm

2+ Central 5 mm

3+ Central 3 mm

Astigmatic Increase or decrease by >1DC

best advantage if the scale used is local rather than global radius of curvature. These
primary changes may induce secondary changes in the perpendicular meridian as a
result of “coupling” (Chap. 9).

Surgery can result in either steepening or flattening of one or more parts of the
cornea (Chap. 11). These changes can be classified according to their location rela-
tive to the wound and their magnitude [44, 46] (Table 12.3).

Corneal Steepening

Wound-related corneal steepening (with-the-rule astigmatism for a superior inci-
sion) occurs secondary to compression of tissue at the wound site [1] (Figs. 12.4 and
12.5). This is commonly a result of the overtightening of sutures or oedema of the
wound margin. It may also be due to vertical wound malalignment in which the
central edge under-rides the peripheral edge or due to cautery causing tissue con-
traction [22] (Fig. 11.1).

The compression of tissue at the limbus depresses the peripheral cornea towards
the centre of the globe, thereby increasing the curvature of the central cornea (i.e. a
reduction in the radius of curvature) [2]. There is a small area of flattening immedi-
ately within the area of the suture and a secondary flattening in the meridian perpen-
dicular to the suture, as a result of coupling.

Corneal Flattening

Wound-related corneal flattening (against-the-rule astigmatism for a superior incision)
occurs as a result of wound gape [1, 2] (Figs. 12.2 and 12.3). This is sometimes seen to
a small extent in unsutured wounds [22, 47, 51, 54] but more commonly if sutures are
too loose either at the time of surgery or if there is subsequent cheese-wiring, knot-
slippage, suture-related inflammation, degradation or removal. Sutures which are
placed too superficially may result in posterior wound gape, which has a similar topo-
graphic appearance. Vertical misalignment of the wound with the central edge over-
riding the peripheral edge also produces wound-related corneal flattening (Fig. 11.1).
If the wound edges are in poor apposition and the gaping area is filled by fibrovascular
scar tissue, this may later stretch leading to increased corneal flattening.

Wound gape increases the circumference of the globe in the meridian perpen-
dicular to the line of the incision, thereby flattening the incisional meridian [2].
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Irregular Astigmatism

If wound-related flattening or steepening is due to either a single or a uniform struc-
tural defect, regular astigmatism is most likely and is relatively easy to correct either
optically or surgically. However, more complex anatomical changes can result in
irregular astigmatism, which produces greater visual dysfunction and is more diffi-
cult to correct [60]. Bi-oblique astigmatism (non-perpendicular axes) may occur if
nonadjacent sutures are overtightened (Figs. 11.1 and 12.5). A torsional effect
results from a horizontal misalignment of the wound, whether due to a mismatching
of its edges or non-radial suture bites (Figs. 11.1 and 12.6).

Fig. 12.6 Wound misalignment. Following left phacoemulsification through a 5.5 mm incision,
horizontal mismatching of the wound edges has given the topography a torsional appearance,
resulting in irregular astigmatism (a). The zoomed view (b) shows that the single X-suture has
dragged the central edge of the wound nasally with respect to the limbus. A similar effect occurs if
the suture bites are not radial
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Postoperative Topography

Postoperatively, corneal topography or keratometry can be used routinely to iden-
tify tight sutures that should be removed. Topography is valuable in patients with an
inadequate best-corrected visual acuity, in order to determine whether corneal irreg-
ularities account for the poor level of vision. In patients who require surgical correc-
tion of a persisting refractive error or irregular astigmatism, corneal topography is
essential.

Suture Adjustment

In wounds closed by non-absorbable sutures, selective suture manipulation at
12 weeks postoperatively is an effective way of reducing wound-related corneal
steepening. For interrupted sutures, this involves removal of the tight suture(s) in the
steep axis/axes [61, 62]. For continuous, the tension in the suture may be redistrib-
uted by easing it loop by loop from flat areas to steep areas [63, 64], but this risks
breaking the suture so is seldom performed these days.

Corneal topography is of greater benefit than keratometry for suture adjustment,
because it will identify more accurately the location of the tight sutures, particularly
if more than one is tight (Fig. 12.5).

Investigation of Poor Outcome

Corneal topography should be performed after cataract surgery in cases in which the
best-corrected visual acuity is not adequate, and there are no other obvious causes
for poor vision [64]. It will determine whether there are irregularities of the corneal
surface and whether they are amenable to correction [6, 33].

Surgical Correction of Postoperative Astigmatism
Postoperative astigmatism persisting after suture removal can be addressed either

by revision of the original incision or a separate corneal refractive procedure [5]
(Chap. 13).
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Refractive Corneal Surgery 1 3

For many centuries, the only widely available means of correcting refractive errors
has been by spectacles. However, for over 100 years, ophthalmologists have been
searching for a surgical method to permanently alter the refractive power of the eye
[1]. Most work has concentrated on altering the shape of the cornea, as this is easily
accessible, and contributes two-thirds of the total refractive power of the eye. The
ability to successfully alter the refractive power of the cornea depends partly upon a
detailed knowledge of its topography.

The alternative to refractive surgery performed on the cornea is intraocular lens
implantation (Chap. 12). However, whether this procedure is performed alone or in
combination with either clear lens extraction or cataract extraction, it has the risks
associated with any intraocular procedure. The advantage of lenticular procedures
is that relatively large alterations in refractive power can be achieved [2]. In con-
trast, corneal procedures are most accurate and predictable when used to correct
small refractive errors. Therefore, high degrees of ametropia may be best corrected
primarily using a lenticular procedure, and then minor refractive adjustments can be
made subsequently to the cornea if necessary [3].

Mechanisms

A myopic eye is one which is unduly long for its refractive power. The majority of
surgical techniques for correcting myopia aim to reduce the refractive power of the
cornea by flattening its anterior surface (increasing the radius of curvature). In
hyperopia, the reverse is true, and corrective refractive procedures aim to steepen
(decrease the radius of curvature) of the anterior corneal surface. Astigmatism is
corrected by altering the refractive effect in the appropriate meridian.

Corneal refractive surgery is effective through one of two mechanisms: firstly by
altering the shape of the whole thickness of the corneal stroma or secondly by
affecting only the anterior corneal surface.
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The stress equilibria in the collagen lamellae can be altered by either incisions
traversing the full thickness of the corneal stroma (e.g. radial keratotomy, astigmatic
keratotomy) or by applying persistent mechanical forces (e.g. intrastromal corneal
rings). This results in a change in the configuration of the cornea which affects both
its anterior and posterior surfaces (this chapter).

In contrast, in surface procedures, tissue is either added to the anterior corneal
surface (e.g. epikeratophakia [4]), removed (e.g. keratectomy and excimer or fem-
tosecond laser procedures) [5] or structurally altered (laser thermokeratoplasty) [6].
In these procedures, the integrity of the deep corneal stroma is maintained, and the
shape of the posterior corneal surface remains unaltered (Chap. 14).

Role of Topography

As in other forms of corneal surgery (Chaps. 11 and 12), topography is valuable in
the preoperative assessment and planning and postoperative monitoring and man-
agement of refractive procedures [7] (Table 13.1). However, there are three addi-
tional roles which are particularly useful in these cases.

Topographic maps can be helpful in the education of patients about the shape of
their cornea, how it differs from normality, the changes occurring postoperatively
and the source of optical problems they may have.

Topography can also educate surgeons, both in general terms and by demon-
strating the effects of individual procedures they have performed. They aid com-
munication between colleagues by providing a visual description of the shape of a
cornea.

In an age of increasing medical litigation, corneal maps provide objective docu-
mentary evidence of the changes in corneal shape which have occurred. Ideally, all

Table 13.1 Role of corneal topography in refractive surgery

Role of topography in refractive surgery

Preoperative Screening for ocular disease

Keratoconus

Contact lens-induced corneal warpage
Planning the surgery
Incision location, length, depth

Intraoperative Real-time monitoring

Currently of limited value, ? useful in future
Postoperative Documentation of immediate effects of surgery
Assessment of healing

Investigation of a poor outcome

Planning of augmentation
Biometry for cataract surgery
Throughout Patient education
Communication with colleagues

Documentation for medicolegal purposes
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patients undergoing refractive procedures should have preoperative topography and
their first postoperative map taken as early as 1 week after surgery. This enables the
changes induced by the surgeon to be distinguished from those occurring subse-
quently as a result of wound healing, injury or further intervention.

Preoperative Assessment for Refractive Surgery
Corneal topography is only one of the many steps which are essential in the preop-
erative assessment of patients undergoing refractive surgery (Table 13.2). In this

group, particular importance must be attached to the social and psychological

Table 13.2 Preoperative evaluation of patients undergoing refractive surgery

Preoperative evaluation for refractive surgery

History Refractive Spectacle wear
Contact lens wear

Prescriptions from the last few years

Problems
Ocular Amblyopia
Ocular disease

Ocular surgery

Medical Past medical history
Current medical problems
Treatment history

Social Occupation

Hobbies, sport, leisure
Smoking, substance abuse

Psychological Personality
Expectations
Examination Vision Unaided vision

Best-corrected acuity
Pinhole acuity
Contrast sensitivity*

Night vision?, halos®

Refraction
Biometry Corneal topography
Axial length?
Slit lamp Anterior segment biomicroscopy
Tonometry
Pupil size in dim illumination
Pachymetry®
Specular microscopy?*
Fundoscopy Disc

Macula

Peripheral retina

“Preferable, but not essential
"Not required for surface laser ablation
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aspects of the history to assess the suitability of patients for surgery. During the
examination, fundoscopy to exclude vitreoretinal lesions is just as important as the
assessment of the vision, refraction and anterior segment. Adequate counselling and
informed consent is also essential prior to surgery.

Preoperative Screening

Preoperative corneal topography is useful for detecting two of the contraindications
for refractive surgery, namely, refractive instability and pre-existing corneal disease.
Stability of refraction is required prior to surgery to ensure that the appropriate cor-
rection is performed. Corneal disease should be excluded to reduce the likelihood of
an unusual wound healing response or postoperative progression of a refractive
problem (Fig. 14.8) [5, 8].

In patients presenting for the surgical correction of myopia, as many as 33% have
abnormal corneal topography [10]. This has been found to be due to keratoconus in
6% of patients [10, 11] and corneal warpage in 38% of contact lens wearers [10]. In
the majority of cases, the abnormality was not evident on inspection of the cornea
or the Placido image but could be detected by corneal topography, stressing the
importance of performing this investigation preoperatively.

Many patients with severe topographic abnormalities would be automatically
excluded from refractive surgery, but for others with only very mild changes, such
as subclinical keratoconus (Chap. 10), the surgeon will need detailed topographic
information to aid the decision as to whether to proceed. Some studies have sug-
gested that in subclinical keratoconus, both RK+AK [12] and PRK [13, 14] give
similar results to those seen in normal patients, at least in the short term.

Many topographic patterns can result from contact lens-induced corneal warp-
age, but they tend to comprise flattening in the areas of lens-bearing, with possible
adjacent steepening (Table 7.2). The changes are most severe and persistent in wear-
ers of hard or rigid gas permeable lenses. After cessation of lens wear, the cornea
tends to return to its former shape, with the greatest changes occurring early. A
normal corneal shape usually returns within about a month following soft lens wear,
although there is great individual variation. However, for rigid lenses, normality
may not be reached for 5 months or more, and in some patients, stabilisation occurs
with an abnormal pattern persisting [15, 16].

It has been suggested the minimum delay between the removal of contact lenses
and the preoperative assessment should be 2 weeks for soft lenses and 4 weeks for
hard and rigid gas permeable lenses [17]. If abnormalities persist after the cessation
of lens wear, topography should be repeated at intervals until the corneal shape has
normalised or stabilised.

It is possible to distinguish between contact lens-induced warpage and true kera-
toconus: they exhibit similar topography patterns (superior flattening and inferior
steepening) but demonstrate different geometric shapes that can be readily differen-
tiated [18].
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The overall efficacy and safety of refractive surgery can be improved by preop-
erative topographic screening to exclude unpredictable variables such as contact
lens-induced corneal warpage and occult ectatic disease [8, 9].

Preoperative Planning

Corneal topography is essential before all refractive procedures, to enable the sur-
geon to understand the refractive status of an individual eye and plan the optimum
treatment for it. In addition, if a patient is unable to co-operate sufficiently to enable
topography to be undertaken, for example, if they are too photophobic, then it should
be considered whether they should be undergoing routine refractive surgery.

Indices

Several indices have been developed to help the clinician distinguish normal cor-
neas from those with early or established pathology. These are based on pachyme-
try, anterior corneal curvature and elevation data.

Randleman Ectasia Risk Score System

A risk factor stratification scale has been devised to help clinicians more accurately
predict the risk of ectasia following refractive laser procedures [19] (Tables 13.3 and
13.4). In a group of patients with postsurgical ectasia, assessment was made of pre-
operative, perioperative and postoperative characteristics (age, gender spherical
equivalent refraction, pachymetry, topographic patterns, type of surgery performed,
flap thickness, ablation depth, residual stromal bed thickness and postoperative date
of ectasia diagnosis).

Table 13.3 The different parameters and scoring points of the Randleman Ectasia Risk Factor
Scoring system [19]

Randleman ectasia risk factor score system

Points

Parameter points 4 3 2 1 0
Topography pattern | FFC | Inferior steepening/ ABT Normal/

SRA SBT
RSB thickness <240 |240-259 260-279 280-299 >300
(microns)
Age (years) 18-21 22-25 26-29 >30
CCT (microns) <450 |451-480 481-510 >510
MRSE >—14 |>—12to —14 >—10to—12 |>-8to —10 | —8 or less

ABT asymmetric bow tie, CCT preoperative central corneal thickness, D dioptres, FFKC forme
fruste keratoconus, MRSE preoperative manifest refraction spherical equivalent, RSB residual stro-
mal bed, SBT symmetric bow tie, SRA skewed radial axis



208 13 Refractive Corneal Surgery

Table 13.4 The cumulative risk scores and recommendations from the Randleman Ectasia Risk
Factor Scoring system [19]

Randleman ectasia risk factor score categories

Cumulative risk score Risk category Recommendations

0-2 Low Proceed with LASIK or surface ablation
3 Moderate Proceed with caution

4 or more High Do not perform laser refractive surgery

Percentage Tissue Altered (PTA) Index
This index assesses the association between the percentage of tissue altered and the
risk of ectasia [20]. It is calculated using the following equation:

(FT + AF)
CCT

PTA =

PTA = percent of tissue altered

FT = flap thickness

AD = ablation depth

CCT = preoperative central corneal thickness

This formula is a precise method for assessing ectasia risk, and PTA values
below 40.0% correlate with the low incidence of ectasia.

Intraoperative Assessment

Intraoperative topography is seldom performed during refractive surgery, because
the shape achieved at the end of surgery usually undergoes further changes
postoperatively.

Postoperative Assessment

The postoperative regional variations in curvature across the corneal surface are
best displayed by maps using local (instantaneous/tangential) radius of curvature
(Fig. 1.2). These avoid the spherical bias inherent in maps using global (axial/sagit-
tal) radius of curvature (Fig. 5.6).

Changes in corneal topography are shown to best effect by the use of difference
maps, in which a latter map is subtracted from an earlier one [10, 50] (Fig. 5.15).
The result of the surgery itself is demonstrated by subtraction of the immediate
postoperative map from the preoperative one. The stability of the change, and the
effect of the ensuing wound healing process, is quantified by the difference between
a map taken soon after surgery and one taken subsequently.

The regularity and symmetry of the corneal surface can be observed on the map
and can be quantified by the calculation of statistical indices (e.g. surface regularity
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index, SRI; surface asymmetry index, SAI) [21, 22] (Table 5.7). These indices, and
most particularly the SRI, correlate well with visual performance.

In cases with a poor visual outcome, topography may detect surface anomalies
which are not readily appreciated on biomicroscopic examination [23]. These
include surface irregularities and small or decentred treatment zones [24-26]. If
patients require contact lenses, topography is helpful for their fitting [27].

Planning of Further Surgery

Preoperative corneal topography is even more important for refractive enhance-
ments than it is for primary procedures. It is also valuable in patients presenting for
cataract extraction after refractive surgery, when keratometry is not sufficiently
accurate for calculating the power of intraocular lens required [28-35] (Chap. 12).

Topography After Refractive Surgery

Refractive corneal procedures are performed with the aim of altering the curvature
of the central cornea and usually have minimal effect on the corneal periphery. The
area bearing the full intended correction is the optical zone. This tends to be sur-
rounded by an intermediate zone of altered curvature, before normal cornea is
reached in the periphery.

The natural corneal shape is aspheric and radially asymmetric: the radius of cur-
vature changes from centre to limbus and does so at different rates along different
semimeridians. The profile of the normal cornea along any meridian is prolate,
meaning that it is steeper in the centre and becomes flattened towards the periphery
(positive shape factor) (Table 6.2).

Refractive surgery changes the curvature of the central optical zone more than
the periphery, so the asphericity of the cornea is altered. Treatments for hyperopia
steepen the optical zone, so the cornea becomes increasingly prolate. Myopic treat-
ments flatten the optical zone making the cornea less prolate or even oblate (flatter
in the centre than in the periphery). This is most marked following radial keratot-
omy, in which the central flattening is associated with increased steepening in the
midperiphery.

Effects of Topography on Visual Function

Optimal visual performance after refractive surgery is achieved by producing a uni-
form change in corneal curvature over a relatively large area, centred on the pupil
[36-42].

Minor degrees of optical zone decentration and corneal surface irregularity may
not necessarily reduce Snellen visual acuity [43—47] but can adversely affect more
subtle aspects of visual function, detectable on contrast sensitivity testing [24, 48,
49] or ray-tracing analysis [42, 43], and induce astigmatism [26, 44, 45].
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Fig. 13.1 Mechanism of halo formation. After refractive surgery with small optical zones, halos
arise as a result of pupillary dilation in dim illumination. Under such conditions, the retinal image
formed by focused light passing through the optical zone is degraded by unfocused light passing
through the untreated peripheral cornea

More severe topographic anomalies can further degrade the retinal image leading
to a reduction in Snellen acuity [46—48] and produce unwanted optical aberrations
[49] including distortion, ghost images, halos (Fig. 13.1) and monocular diplopia
[24, 50-53].

However, it has been suggested that the regional variations in corneal power
resulting from radial keratotomy may explain why some patients achieve a visual
acuity that is better than would be expected on the basis of their refractive error [54].

Radial Keratotomy

Radial keratotomy as such is seldom performed nowadays as it has been superseded
by various forms of refractive laser surgery. However the principles of their topo-
graphic changes are applicable to other types of corneal incisions and trauma and
can therefore guide decision-making in those situations.

The principle of radial keratotomy (RK) is to make deep (approximately 90%
depth) radial incisions in the midperiphery of the cornea to induce central flattening
and correct low degrees of myopia (typically —2.00 to —8.00D) [3, 55]. A central
clear zone of about 3 mm remains untouched, and the incisions radiate from its edge
towards the periphery. This generates an optical zone of about 6 mm.

Mechanisms

The radial incisions transect the collagen lamellae, thereby structurally weakening
the cornea [56]. The wound gapes due to retraction of the most anterior fibres [57]
and the outward force of the intraocular pressure. This causes flattening of the cen-
tral cornea in the meridian of the incision and 90° away [58]. The spreading is great-
est at the midpoint of the incision, (approximately at the 7-mm-diameter zone),
resulting in bulging of the midperiphery (Fig. 13.2).
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Fig. 13.2 Radial
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Wound gape increases during the first week in primates (2 weeks in cats and
at least 4 weeks in rabbits), as epithelium fills the incision. This is associated
with progressive corneal flattening and hyperopia. Thereafter the epithelial plug
is replaced with fibroblastic tissue which contracts, reducing the wound gape
and returning the refraction towards emmetropia [59-61]. The “tissue addition
theory” suggests that the more incisions which are made, the greater the amount
of tissue that is added to the cornea, and this generates a greater refractive effect.
Undercorrection usually occurs as a result of inadequate incision length or
depth, whereas in overcorrection, the incisions are wide and filled with exces-
sive epithelium and scar tissue which prevents the apposition of the wound
edges.

The incisions remain as sites of weakness because epithelium can persist in the
wound for at least 6 years and new collagen is deposited parallel to the wound edges
rather than across the defect. They fail to demonstrate the same remodelling as seen
in sutured wounds, and further widening can occur leading to long-term progressive
hyperopia and instability of the refraction [62, 63].
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Surgical Planning

The results of radial keratotomy for a single patient are not entirely predictable. This
arises from firstly, variability of the surgical technique, and secondly, individual dif-
ferences in the wound healing response. The former is minimised by utilising nomo-
grams to determine the most appropriate surgical parameters for a given case [64].

Some topography systems include radial keratotomy planning programmes in
their software (Fig. 13.3). This provides an opportunity of storing the preoperative
data and accurately documenting the surgical intent (Table 13.1).

Patient Variables

All nomograms utilise the preoperative spherical equivalent refractive error in the
spectacle plane, the intended correction and the age of the patient. Age is an impor-
tant consideration because older patients have slower or less active healing mecha-
nisms, and as a result a particular incision produces a greater refractive effect than
it would in a younger subject. Some nomograms also include the sex of the patient
and the power of their cornea (Table 13.5).

Incision Variables

Based on these parameters, a nomogram will suggest the number, length and posi-
tion of the incisions required to generate the appropriate refractive change. Most
surgeons use four, six or eight incisions. The first four incisions generate most of the
effect of the surgery, so it is possible to perform this as a primary procedure and then

" Cycloplegic Refraction: Keratometry:
-4.50 D+ 450 @ 180 SphEq-225 D I0P:16.0 mm Cor.Thick: 600 mic FlatK: 43.00 @ 30
000 D - 450 @ 90 TgtSph:-050 D WkSph-0.77 D  CorDiam: 120 mm Steep K: 4600 @0
- RK
# Cuts: 4
Central 02: 4,75 mm LEGEND
Outer Limit: .5 mm from Limbus == Limbus
ReDeepen @ N/A mm
Cut Dis: American RK DZ.s
Orient: 45 deg B0Z's: 1 ---- AK 0Z(s)
o
~AK ™P b4 AK Axis
CutExtent: 48  deg — Cut Dir.
Axiz: 180 deg
0z;::6,8 om
Cut Type: Arcuate
] o BOZ's: 2
Cuts/02Z: 2 * HEAD 507
THORNTON N - Notes:
4-incision RK. would be expected to give results in lower 1/2 of Working Sphere range, and 8, in upper 1/2.
If Comneal T aphy reveals asy ic asti ism, pou may with to not use symmetric AK incisions.

Fig. 13.3 Keratotomy planning. The site, length and depth of incisions for radial and arcuate
keratotomy are determined by nomograms such as the one designed by Thornton. Having taken the
topography, the surgeon enters the cycloplegic refraction (top left box) and ocular measurements
(top centre box). The programme then calculates the surgical parameters for radial keratotomy
(middle left box) and arcuate keratotomy (bottom left box) and displays them on a diagram (central
box)
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Table 13.5 The patient and surgical factors increasing the effectiveness of radial keratotomy.
These variables, together with the intended refractive change, are entered into the nomograms used
to plan the surgery of an individual patient

Factors increasing the effectiveness of radial keratotomy

Patient Increasing age

Males

Reduced wound healing

Higher intraocular/atmospheric pressure
Corneal power

Incisions Greater number

Longer
Deeper
Proximity to corneal centre

Centripetal (Russian; as opposed to centrifugal/American)

Inferior incisions heal more slowly

add further incisions if augmentation is required. In general 16 incisions are very
rarely used at the primary procedure as this many is found to be unnecessary.

The longer and deeper the incisions are made, the greater the wound gape and the
refractive effect. Initially incisions were extended out to the limbus, but nowadays
shorter incisions are used with the advantages of more rapid wound healing and
visual recovery, greater stability of refraction and avoidance of vascular ingrowth.
In addition, central clear zones tend to be larger to prevent the glare and reduced
contrast sensitivity associated with incisions overlying the pupillary aperture [63].

The direction in which the incisions are made also influences their refractive
effect [63, 65]. In the American technique, incisions are made centrifugally from the
paracentral area towards the limbus. A blade length set at 100% of the paracentral
corneal thickness achieves an actual maximum depth of 80-85%, and this is not
reached for at least the first | mm of the incision. The Russian technique, in which
the blade is drawn centripetally, results in a deeper wound along the whole length of
the incision and wider gape. This greater effect may be due to differences in the
angle that the blade incises the cornea, greater efficiency in the cutting of corneal
lamellae, the slower healing [62] or the fact that the exit site of a blade is wider than
the entry site, and in this technique, the exit site is closest to the centre of the
cornea.

Modification of Nomograms

Several nomograms are available, most of which are derived retrospectively by experts
for their own-specific technique. However, when a single surgeon aims to make sev-
eral identical incisions in the same cornea, with the same blade settings, the depth
achieved may differ by as much as 30%. The variability between surgeons would be
even greater, as relatively subtle differences in technique may have an effect, such as
the instruments used, the angle of the blade, the pressure it applies to the cornea and
the speed at which it is drawn through the tissues. Therefore individual surgeons need
to modify the existing nomograms in the light of their own experience.
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Enhancement Procedures

Enhancement procedures may be performed in as many as 20-35% of eyes under-
going radial keratotomy, and some eyes undergo three or more operations [62]. The
use of a staged approach introduces a degree of adjustability which reduces the risk
of overcorrection. However, it increases the time taken to achieve refractive stabil-
ity, because the outcome of one procedure must be allowed to stabilise before
embarking upon the next. Despite performing enhancements, the refractive results
cannot be guaranteed because the nomograms are less reliable in eyes which have
received previous surgery. Some patients may prefer surgical monovision in which
one eye remains undercorrected to reduce symptomatic presbyopia.

Formerly enhancements were performed by reincising the original incisions, but
this technique has fallen from favour because it is almost impossible to retrace
exactly the original incisions. The resultant overlapping and intersection of inci-
sions tend to lead to increased scarring.

Enhancements are usually performed by either adding four or eight incisions
between the existing ones or by deepening and lengthening the primary incisions.
This is performed by first opening the incisions with an intraocular lens hook and
cleaning out the epithelium and then reinserting the diamond knife to extend the
incision. Alternatively, additional refractive effect can be obtained by using a differ-
ent refractive technique as a second procedure.

Topographic Patterns After Radial Keratotomy

Discrete radial incisions made in the midperipheral cornea result in topographic
changes across the whole corneal diameter (profile) which may vary from one
meridian to another (pattern) (Table 13.6). Postoperatively the corneal irregularity
is greater than preoperatively, with the maximum range of dioptric powers within a
4 mm pupil increasing from 2.0D to 3.8D [63-65].

Table 13.6 The characteristic topographic changes seen after radial keratotomy

Topographic changes after radial keratotomy

Irregularity increased
Oblate profile — “negative shape factor”; corneal power decreases towards the centre

Central flattening

Peripheral steepening
Inflection zone/*paracentral knee”
Rapid change in slope between the zones of central flattening and peripheral steepening

Asphericity increased

Polygonal pattern common

Multifocal cornea range of dioptric powers within entrance pupil increased
Good visual acuity despite residual refractive error
Visual distortion despite excellent spectacle-corrected acuity
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Table 13.7 Incidence of the different profiles and videokeratoscopic patterns of corneal topogra-
phy after radial keratotomy, compared to normal. An oblate profile with polygonal pattern is the
most common topography after radial keratotomy, but this is not seen in normal corneas

Topography Normal [67] (%) Radial keratotomy [66] (%)
Profile Prolate 100 3
Mixed prolate/oblate 0 18
Oblate 0 79
Pattern Round 23 6
Oval 21 0
Symmetric bow tie 18 16
Asymmetric bow tie 32 6
Irregular 7 6
Polygonal 0 63
Steep-flat-steep 0 34

Corneal Profile

Gaping of the radial incisions results in an annulus of corneal steepening 2.7 mm
(1.75-3.3 mm) from the corneal centre. This is called the paracentral knee or inflec-
tion zone. Central to this the cornea is flattened, as required for the correction of
myopia. Therefore, after RK, the corneal profile tends to be oblate, as occurs in 79%
of patients, although 18% have a mixed prolate/oblate profile [66]. An oblate profile
is never seen in normal corneas [67] (Table 13.7).

Postoperatively the corneal asphericity is increased, with the increase being
greater in the higher magnitude corrections. In the normal cornea, the change in
dioptric power from centre to periphery is —1.9D, whereas after RK, it may typi-
cally be +2.8D. The dioptric change tends to vary in different semimeridians,
although it is usually greatest superiorly and inferiorly, possibly due to the pressure
of the eyelid on the structurally weakened cornea [66].

Topographic Patterns

The topographic patterns resulting from RK [66] have been classified in a similar
manner to those seen in normal corneas [67] (Table 13.7). After RK, four of the pat-
terns (round, symmetric bow tie, asymmetric bow tie and irregular) were similar to
those seen in normal corneas but occurred less frequently (Figs. 13.4 and 13.5). The
only normal pattern not seen postoperatively was oval.

Over half (59%) of corneas which have undergone RK demonstrate a polygonal
pattern, which is never seen in normal corneas (Fig. 13.6). This is a concentric pat-
tern containing two or more angles (<135°) and three or more nearly straight lines.
The angles correspond closely with the central ends of the radial incisions, and the
polygons therefore include squares, hexagons and octagons, depending upon the
number of incisions. Some polygons appear incomplete or asymmetric, which may
be due to variable incision lengths or depths or an improperly centred surgical pro-
cedure or topography measurement.
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Fig. 13.4 Radial keratotomy (regular). Four-incision wide optical zone —1.00D radial keratot-
omy. (a) Preoperatively the uncorrected vision was 6/24 and the refraction —1.25D. (b) One month
postoperatively, the central corneal power was reduced by 1.00D, the uncorrected vision was 6/5
and the optical zone had a round pattern

About half the polygons demonstrate a central nipple or steep-flat-steep pattern
in which a central steep area is surrounded by an annulus of paracentral flattening
and then a peripheral ring of steepening.
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Change in diopters

Fig.13.5 Radial keratotomy (irregular). Four-incision —3.00D radial keratotomy plus two-incision
—0.50 astigmatic keratotomy gave improvement in the uncorrected visual acuity from 6/60 to 6/6.
(a) Preoperatively the regular bow tie showed that the cornea was steep in the vertical meridian. (b)
One month postoperatively, the central cornea was flattened and the astigmatism corrected. The
vision was good, but the topography revealed slight irregularity in the midperipheral cornea at the
site of the incisions. (¢) The difference map demonstrates the induced change in power, which is
slightly greater in the vertical meridian where the astigmatic keratotomy was performed
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Anterior

Thickness

Fig. 13.6 Radial keratotomy (polygonal). A slit image system was used to assess the topography
of a patient undergoing four-incision radial keratotomy. (a) Preoperative height of the anterior
corneal surface (the reference sphere has a radius of curvature of 7.75 mm which is equivalent to
43.5D). (b) The corneal thickness is measured preoperatively to determine the depth to which the
blade should be set. (¢) One year postoperatively, the topography (height difference from sphere)
of the anterior corneal surface was polygonal (almost square, because four incisions were made).
This arose because flattening was the greatest in the meridian of the incisions, which were placed
diagonally (the reference sphere has a radius of curvature of 7.97 mm which is equivalent to
42.3D)
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Fig. 13.6 (continued)

Eyes with least astigmatism preoperatively tend to have round or polygonal post-
operative patterns. In contrast, those with greater preoperative astigmatism tend to
develop a mixed prolate/oblate profile and a bow tie or irregular pattern. However
postoperatively, there is no significant difference in astigmatism between the topo-
graphic patterns.

Multifocal Cornea

After RK there can be poor correlation between the residual refractive error and the
measured visual acuity. This is thought to be due to the increased range of dioptric
powers within the pupillary aperture enabling the cornea to act as a multifocal lens
[50, 66, 68-70].

Some patients have good unaided visual acuity despite a persisting refractive
error [66]. They are probably viewing light passing through a relatively small por-
tion of cornea with a power consistent with emmetropia. However, other patients
complain of visual distortion despite excellent spectacle-corrected acuity [69]. This
probably arises from optical aberrations generated by light passing through adjacent
portions of cornea with differing refractive powers. Under normal conditions of
illumination, the paracentral knee is outside the entrance pupil and is unlikely to
contribute to these effects [51].

Topographic Changes over Time After Radial Keratotomy

Maximal flattening occurs initially at the proximal end of the incisions in the para-
central cornea, and the central cornea remains relatively steep. Over the following
months, the flattening proceeds centripetally to include the central cornea. This may
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be due to a relaxation or relative sliding of severed stromal lamellae [70]. In the
original studies, by 1 year, 10% of patients were overcorrected, and 30% had
regressed by >1.00D [71].

Transient Central Corneal Steepening
A minority of patients develop central corneal steepening, associated with an
increasingly myopic refraction, in the first day or two postoperatively [72]. This
occurs when the incisions permit the entry of fluid into the stroma, causing the
collagen lamellae to separate. The collagen fibres of the unincised central clear
zone have a normal stress distribution which resists corneal oedema, and there-
fore this area stays relatively thin. An excess of midperipheral corneal oedema
generates a centripetal pressure on the central clear zone, which bows forwards
producing a relative steepening in this area. This situation may be associated
with ocular discomfort, disruption of the epithelium and the photokeratoscopy
mires over the incisions and multiple fine posterior folds perpendicular to the
radial incisions.

The following day, the oedema resolves, and an exaggerated midperipheral
shoulder may develop, causing excessive central flattening and overcorrection.
Within a few days, this settles, leaving a final refraction close to that intended.

Diurnal Fluctuation

In a significant proportion of patients after RK, the cornea undergoes progressive
steepening during the day, and this is associated with increasing myopia from morn-
ing to evening. The majority of the change occurs in the first hour after waking and
is complete within a couple of hours, although in some patients, drift may continue
throughout the day. These effects are greatest early after surgery and tend to reduce
over time but may persist beyond 7 years [47].

Four mechanisms have been proposed to explain flattening of the incised cornea
during sleep, which then reverses during the day. Firstly, although intraocular pres-
sures above those encountered physiologically can increase wound gape [58], the
1.3-1.5 mmHg rise observed in the morning is not effective experimentally [56],
and does not correlate with measured topographic or refractive changes [46, 47].
The second theory suggests a uniform increase in corneal thickness greater than the
4-8% seen in normal corneas. The measured pachymetric changes are increased in
the first couple of weeks after surgery, but they are not correlated with topographic
or refractive changes [46, 47]. Thirdly, variable epithelial and stromal oedema
develops during sleep, and these changes in hydration may alter the stress distribu-
tion among the stromal lamellae by mechanisms similar to those described for tran-
sient corneal steepening. The in vitro hydration of a cornea which has undergone
RK can cause 10D of corneal flattening [56]. Fourthly, external pressure from the
closed eyelids may change the shape of the structurally weakened cornea. It is likely
that visual and topographic fluctuations arise largely from a combination of the third
(hydration changes) and fourth (lid pressure) mechanisms.

A diurnal refractive change of greater than 0.50D has been documented in 42%
of patients at 1 year and 31% of patients at 3.5 years [23]. Subjective complaints of
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fluctuating vision have been found in 54% at about 1.5 years [47] and 42% at about
4 years [46] but are seldom sufficient to warrant multiple pairs of glasses. Those
patients with subjective symptoms have a measured diurnal refractive change which
is double that of asymptomatic patients (—0.52D versus —0.27D) [47], and their loss
of visual acuity averages 2.3 lines compared to none. Undercorrected patients see
better in the morning and then lose on average 3.5 lines during the day, although a
maximum reduction of 8 lines has been recorded. Overcorrected patients experience
improving acuity during the day, with 15% gaining more than one line [46].

Although normal corneas undergo a small amount of diurnal topographic steep-
ening at their very centre, the effect is greater in magnitude and more widespread
following RK (0.36D within 1 mm of the corneal centre versus 0.39D and 0.42D at
1 mm and 3 mm) [47]. After RK, the steepening tends to be greater inferiorly than
superiorly. Several theories have been proposed to explain this, including, firstly,
tension generated by the extraocular muscles during accommodative convergence
and, secondly, tension in the orbicularis muscle, which has previously been sug-
gested as a cause of inferior wound abnormalities following penetrating
keratoplasty.

Visual fluctuations are more common in patients with a bow tie (dumb-bell or
split optical zone) topographic pattern postoperatively. Of patients with visual fluc-
tuations, 91% had bow tie, and 9% had round patterns. Of those without visual
fluctuations, 80% had round, 20% had band-like, and none had bow tie patterns.
However, it is not predictable from the preoperative topography who is likely to suf-
fer fluctuations.

Diurnal fluctuations are more common in patients with greater than eight inci-
sions, although they are not influenced by the length of the incisions (optical zone
size) [47, 71]. Older patients tend to suffer less fluctuation than younger ones [47].

Progressive Hyperopia

Although some patients achieve stability of refraction within 6 months, a significant
number have a continuing hyperopic shift for several years. In the Prospective
Evaluation of Radial Keratotomy (PERK) study, 43% of patients gained more than
1.00D of hyperopia between 6 months and 10 years postoperatively [25], and there
has been no evidence to suggest when this process might cease.

This instability of the corneal shape is likely to arise because the continuity of the
severed collagen fibres is not restored during healing and the tensile strength of the
lamellae is consequently permanently reduced [73].

No patient variable such as age or intraocular pressure has been found to be asso-
ciated with biomechanical, topographic or refractive instability, and the effects of
atmospheric pressure are not well understood. However, it is thought that progres-
sive hyperopia is more common following incisions which are deeper or longer
(central clear zone of 3.0 mm compared to 3.5 or 4.0 mm). Mini-RK is a modified
procedure which tries to overcome this instability by using shorter incisions, as it is
the paracentral part of the incision which creates most of the refractive effect.
Alternatively, some surgeons intentionally undercorrect patients by 0.50—-1.00D to
delay the onset of hyperopia.
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Long-Term Instability

Progressive hyperopia is the commonest form of long-term instability, but a minority
of patients experience continuing loss of refractive effect/regression (4%) or fluctuation
without a definite trend (14%) [25]. Changes in intraocular pressure have no effect
within the normal range, but altitude (reduced atmospheric pressure) can be associated
with corneal flattening years after the topography has been otherwise stable [56].

Astigmatic Keratotomy

Astigmatism is the refractive error in which light is not focused at a single point,
owing to the unequal refraction of light in different meridians (Chap. 6). Regular
astigmatism is where the refractive power changes gradually from one meridian to
the next in uniform increments, resulting in an optical system with the axes of the
greatest and least power being perpendicular, and results in a focal line. Such a
defect is correctable by a spherocylindrical lens, whereas irregular astigmatism is
not. Regular astigmatism may be naturally occurring or surgically induced by pro-
cedures such as cataract extraction or keratoplasty [74]. It can be corrected by inci-
sional procedures, or if a patient is undergoing cataract surgery, a toric IOL can be
considered if the astigmatism is stable [75].

Mechanisms

Regular astigmatism is potentially correctable by a variety of corneal procedures,
which fall into two main groups: those which flatten the steep meridian and those
which steepen the flat meridian. In both cases, the induced change in the operated
meridian is associated with the reverse change in the perpendicular meridian, in a
process called “coupling” (Fig. 9.1).

Coupling is likely to result from the presence of intact rings of collagen lamellae
running circumferentially around the base of the cornea. As a result of surgery in the
operated meridian, these rings become oval and thereby transmit forces to the unop-
erated meridian.

The “coupling ratio” compares the dioptric flattening in one meridian to the
dioptric steepening in the perpendicular meridian. If the flattening and steepening
are of the same magnitude, the coupling ratio is 1:1, and there should be no net
change in the spherical equivalent. If there is excessive flattening compared to
steepening (e.g. a ratio of 2:1 is not uncommon), there will be an associated hyper-
opic shift in the spherical equivalent.

Compressive Procedures

Wedge resection and compressive sutures can each be performed alone or in
combination. Both aim to steepen the flat meridian by depressing the limbal cor-
nea [76] (Fig. 11.1a). Therefore the excision of tissue or the row of tight sutures
is centred on the flat meridian in the periphery and may be paired with a similar
procedure performed 180° away. These techniques are mainly useful for the very
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high degrees of astigmatism (e.g. >12.00 DC) induced by surgery and may be
combined with wound revision [75].

Relaxing Procedures

Relaxing procedures are centred over the steep meridian with the aim of causing
flattening. The technique which is easiest to perform is the release of tight sutures in
the steep meridian following corneal surgery (Figs. 11.1a, 11.5 and 12.5).

The remaining techniques involve placing corneal incisions peripherally in the
steep meridian with the aim of producing wound gape. This steepens the cornea
immediately overlying the incision and flattens the cornea central to it (Fig. 13.7).
If performed singly, flattening is also achieved in the axis 180° away. However, the
procedures are most commonly paired, in which case they are performed at both
ends of the steep meridian.

Fig. 13.7 Arcuate
keratotomy mechanism.

a Anterior view ! Steep axis

Circumferential incisions
are centred on the steep
axis and are frequently
paired (a). Gaping of the

preoperatively

Arc_u_ate
incisions
gape open

wound causes peripheral
bowing with local
steepening and central
flattening in that meridian
(b). The intact collagen
lamellae around the base of
the cornea are stretched
and become oval. These
forces are transmitted to
the perpendicular meridian
where they cause central
steepening as a result of
coupling (c)

b Incised meridian

Central flattening
Focal steepening

C Perpendicular meridian

Central flattening

Coupling
forces
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Coupling results in steepening of the perpendicular flat meridian. The astigmatic
change achieved is the sum of the flattening in one axis and the steepening in the
perpendicular axis. However, when results are analysed and presented, they should
be expressed as the “vector-corrected change in astigmatism” which takes account
of the change in the axis of the astigmatism as well as its magnitude [77-81].

The incisional techniques used initially were developed from radial keratotomy
but applied in a localised manner so that the flattening affected only one meridian.
Initially a series of peripheral incisions were placed parallel to the steep meridian
[68]. It was then realised that a greater effect could be achieved by placing incisions
across the steep meridian, so that the wound gape produced a maximal increase in
the radius of curvature in the required direction. Trapezoidal keratotomy was a com-
bination of parallel and transverse incisions in the steep axis but was associated with
corneal scarring and irregularity and a large hyperopic shift. These complications
were greater if the incisions intersected [77].

Relaxing incisions have been largely superseded by laser corrective procedures. If
performed, they are placed solely across the steep meridian. In transverse keratotomy
(T-cuts), the incisions are straight and are relatively easily performed freehand with
a guarded blade or diamond knife [82]. In arcuate keratotomy (circumferential relax-
ing incisions), the incisions are curved parallel to the limbus. This technique is facili-
tated by the use of semiautomated devices such as the Hanna arcuate keratome [83].

Surgical Planning

The outcome of astigmatic keratotomy is affected by similar variables to those
influencing radial keratotomy, and likewise, the results are not entirely predictable.
Nomograms have been developed to suggest the number, length, depth and position
of the incisions required to generate the appropriate refractive change [82, 84], and
these have been included in topographic software (Fig. 13.8).

Transverse keratotomy incisions are usually 1-4 mm long, 80-90% of the cor-
neal thickness and placed at the 5-8 mm optical zones [82]. If greater effect is
required, a second pair of incisions can be added 2 mm peripheral to the first.

Arcuate keratotomy, although more difficult to perform, has several advantages
over transverse keratotomy. Firstly, the entire incision length is equidistant from the
corneal centre. Therefore the blade encounters a similar thickness of cornea through-
out the incision (apart from the nasal/temporal disparity), and the effects may be
more regular. Secondly, the incision length can be measured in degrees or clock
hours rather than millimetres, and therefore its effectiveness is not dependent upon
its proximity to the corneal centre. Thirdly, the incisions can be of any length as they
are not limited by encountering the limbus.

Arcuate keratotomies are usually one to three clock hours, performed at one-
third to two-thirds of the corneal depth [§3-86]. Maximal effect can be achieved by
paired incisions of four clock hours, although this can result in large topographic
changes and excessive wound gape.

After corneal graft surgery, the results are less predictable than in normal corneas
because of altered biomechanics, scarring at the donor-recipient interface, and pos-
sibly the underlying disease [87]. Most surgeons prefer arcuate keratotomies in the
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graft rather than opening the graft-host (donor-recipient) junction because there is
better control of the surgery, less risk of leakage or dehiscence and more consistent
wound healing [85]. In cases of asymmetric astigmatism, asymmetric length and
placement of incisions has been advocated [76, 83].

50}
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Fig. 13.8 Arcuate keratotomy. Arcuate keratotomy combined with radial keratotomy to correct
—0.75/-2.75 x90° in the left eye. (a) Preoperatively there was a horizontal steep bow tie consistent
with against-the-rule astigmatism (tangential maps). (b) The refraction was entered in the top left
box and the other corneal parameters in the top centre box. The keratometry from the preoperative
map appears in the top right box. According to the Thornton nomogram, the software suggested
that for the radial keratotomy (middle left box), four cuts be made centrifugally (American-style)
from a 4.75 mm optical to within 0.5 mm of the limbus. It also suggested that two arcuate incisions
(bottom left box) of length 45° should be made at the 7 mm optical zone, centred on 0° meridian.
The surgical plan is shown diagrammatically in the central box, with a key to the right. (¢) One
month postoperatively, the refraction was —0.75DS, and the tangential topography map showed
regular central flattening with loss of the bow tie pattern. However, there was local steepening,
particularly temporally but also nasally, due to the midperipheral bulging associated with the inci-
sions. (d) The difference map demonstrates how the arcuate incisions have achieved flattening in
the horizontal axis. This was associated with slight steepening in the vertical axis as a result of
coupling, but the effect was less marked due to the low-dioptre radial keratotomy procedure per-
formed simultaneously, which slightly flattened the whole cornea
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Fig. 13.8 (continued)

Some surgeons combine astigmatic procedures with spherical refractive surgery
or cataract extraction [88, 89] (Fig. 13.8), whilst others believe that a staged
approach is preferable. Astigmatism can unintentionally be altered by spherical pro-
cedures, so it may be more accurate to delay astigmatic surgery until after the refrac-
tion has stabilised (Fig. 13.5).

Topography After Astigmatic Keratotomy

Preoperatively the topography of the majority of corneas has a bow tie configuration
(Fig. 13.8), and in most, it is asymmetric, particularly following previous corneal
surgery.

Relaxing incisions induce flattening of the steep meridian, and usually an equal
or slightly lesser steepening of the perpendicular meridian, depending upon the
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coupling ratio. Localised peripheral steepening over the incision itself may be visi-
ble on some maps. The topography usually stabilises by 8 weeks postoperatively.
Most procedures are about 70% effective in reducing astigmatism, although they
may be associated with a change in axis of about 20°.

For arcuate keratotomies, the most common postoperative topographic pattern is
a bow tie with rounded ends, which may be symmetric or asymmetric [86].
Transverse keratotomies more frequently generate a bow tie with flattened ends, or
polygonal or irregular patterns, which resemble the shape of the incisions made on
the surface of the cornea. This may be because the depth and the proximity to the
corneal centre vary along the length of the incision.

Polygonal and irregular patterns are more commonly seen following trapezoi-
dal than arcuate keratotomy and in corneas following keratoplasty than in those
with naturally occurring astigmatism [77]. This may result from loss of the nor-
mal biomechanical properties of the cornea due to transection of more collagen
lamellae and scarring at the graft-host interface in cases of keratoplasty (Chap. 11).
These factors may also limit the amount of coupling which can occur and there-
fore account for the higher flattening/steepening coupling ratios seen in these two
groups. They also demonstrate a greater range of dioptric powers within the pupil
margin, which is responsible for the glare and visual distortion experienced.

Intrastromal Corneal Rings

Intrastromal corneal rings modify the corneal shape by altering the stress equilibria
in the collagen lamellae. However, they achieve this by applying pressure and tak-
ing up space, rather than dividing them in the manner performed in incisional refrac-
tive surgery. Therefore the major advantage of intrastromal rings over incisional
procedures is that they are reversible and the cornea returns to approximately its
former shape when the rings are removed.

A ring is composed of optically transparent polymethylmethacrylate and takes
the form of a complete 360° circle with a single break or two 150° segments
(Fig. 13.9). The device is inserted through a 1.8-2.0 mm peripheral radial incision
at 12 o’clock and fed into a predissected circumferential channel at two-thirds of the
stromal depth. The minimum central optical zone is 7 mm.

Mechanisms

It was initially thought that intrastromal rings would correct myopia by applying a
centrifugal force to the periphery of the cornea and thereby flattened the centre.
However, it is now considered that the ring acts as a spacer and that by separating
the corneal lamellae so they pass around the upper or lower surface of the ring, it
shortens their effective arc from limbus to limbus (Fig. 13.10). The thickness of the
device is linearly related to the degree of flattening induced. Rings ranging from
0.25 to 0.45 mm in thickness correct myopia of —1.00 to —5.00D [90]. Pairs of ring
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Fig. 13.9 Intrastromal
corneal ring (photograph).
An intrastromal corneal
ring composed of two
segments

Fig. 13.10 Intrastromal
corneal ring mechanism.
The ring is inserted at
two-thirds depth in the
peripheral cornea. It
increases the arc length of
the collagen fibres and
thereby flattens the central
cornea

Anterior view

Incision
Intrastromal
corneal ring
segment
Cross-section
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take a longer flattening
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... and are therefore
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segments of differing thicknesses have been used to address irregular astigmatism.
In some cases of keratoconus, a single ring segment has been used in the sector of
maximal steepening.

Topography After Intrastromal Corneal Rings

The insertion of intrastromal rings has an immediate topographic effect which
reverses when the rings are removed. The ring itself is evident as a peripheral annu-
lus of local steepening, within which the central cornea is flattened (Fig. 13.11).
This technique has the advantage over many other refractive procedures that the
natural aspheric prolate shape of the central cornea is relatively maintained.

Fig. 13.11 Intrastromal corneal ring. A —2.50D intrastromal corneal ring was inserted as two
segments. (a) Preoperatively the topography was normal with minimal with-the-rule astigmatism
(tangential maps). (b) Three months postoperatively, the central cornea was flattened, and there
was an annulus of steepening in the periphery associated with the ring. (¢) The difference map
demonstrates the change achieved by the surgery. This is reversible upon removal of the rings
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Fig.

13.11 (continued)
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Refractive Laser Surgery 1 4

Corneal refractive surgery is effective through one of two mechanisms: firstly by
altering the shape of the whole thickness of the corneal stroma (Chap. 13) or sec-
ondly by affecting only the anterior corneal surface (this chapter).

Mechanisms

The aims of superficial procedures are the same as those of full-thickness proce-
dures: the central cornea is flattened to correct myopia, steepened to correct hypero-
pia and altered in the appropriate meridian for astigmatism (Chap. 13).

In superficial procedures, tissue is either added to the anterior corneal surface
(e.g. epikeratophakia [1]), removed (e.g. keratectomy and excimer or femtosecond
laser procedures) or structurally altered (laser thermokeratoplasty). Of those proce-
dures removing tissue, photorefractive keratectomy (PRK) removes tissue from the
corneal surface, whereas laser in situ keratomileusis (LASIK) and femtosecond
small incision lenticule extraction (SMILE) remove tissue from just below the sur-
face, under a flap or within the anterior stroma. All these superficial techniques,
unlike incisional refractive surgery or intrastromal rings, maintain the integrity of
the deep corneal stroma, and the shape of the posterior corneal surface remains
unaltered.

Topography for Superficial Procedures

The role of topography is similar for all forms of refractive surgery (Tables 13.1 and
13.2). The value of the topographic information obtained can be enhanced by using
facilities such as the local radius of curvature, difference maps and statistical
indices.

However, one limitation of topography after superficial procedures is that there is
an error (about 11.4% for PRK) in the absolute corneal power reading [2]. This is
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because the shape of the anterior corneal surface is changed by the procedure, with-
out the corresponding change occurring in the posterior surface. Topography systems
use the standardised keratometry index (SKI) to convert measurements of radius of
curvature of the anterior corneal surface into estimates of total corneal power (Table
1.1). This value is an estimate and makes an assumption about the power of the pos-
terior corneal surface based on the measured anterior surface and knowledge of the
normal corneal thickness, which is no longer applicable after surgery.

Photorefractive Keratectomy

All refractive procedures have, to some extent, suboptimal accuracy, predictability
and stability of the refractive change and adverse effects on the quality of vision [3].
These shortcomings arise from two sources: firstly, the variations and inaccuracies
inherent within the surgical techniques and, secondly, individual differences in the
wound healing response. The first of these problems is a major contributor to the
variability of the outcome of incisional procedures. However, this aspect has been
largely overcome by the use of the excimer and, more recently, the femtosecond
lasers in refractive surgery.

Mechanism

Excimer Laser

The excimer laser was introduced into ophthalmology in the early 1980s, when it
was realised that it had characteristics ideally suited to performing refractive sur-
gery [4, 5]. This laser could remove tissue with submicron precision, leaving a
smooth surface with minimal damage to adjacent structures [6, 7]. When the beam
was configured as a narrow slit, it could be used as an efficient scalpel blade to
incise corneal tissue [8, 9]. However, the ability of the laser to generate a broad
beam provided the additional benefit of being able to remove tissue from relatively
large areas [5]. Using this technique, it became possible to change the power of the
cornea by the differential ablation of superficial tissue to change its anterior curva-
ture (photorefractive keratectomy, PRK). This avoided the weakening of the globe
associated with other popular refractive procedures of the time, such as radial
keratotomy.

The term “excimer” is a contraction of the words “excited dimer”. Excited dimers
are two atoms of an inert gas bound in a highly excited state with atoms of halogen.
The excimer lasers used for refractive surgery contain argon fluoride. The decay one
of these unstable molecules is accompanied by the emission of a highly energetic
photon of light in the far ultraviolet portion of the spectrum (UVC, 193 nm). Each
individual photon has sufficient energy to break a covalent bond, by the process
termed photoablation. When this occurs in biological tissues, the cleaved macro-
molecule rapidly expands and is ejected from the surface at high speed [5].
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Ultraviolet C radiation has a penetration depth of less than 1 pm. Each photon
emitted is absorbed by a single molecule, and therefore adjacent areas beyond
60-200 nm show no conductive effect. Each pulse removes a well-defined layer of
corneal stroma 0.25 pm thick, leaving the underlying tissue undisturbed. The ablated
surface is smooth and is immediately sealed by a pseudomembrane [6]. This is a
layer 20-100 nm thick formed by the random recombination of double bonds
uncoupled during the ablation process.

Wound Healing

In photorefractive keratectomy (PRK), the corneal epithelium is first removed, and
then the excimer laser is used to ablate the underlying stroma. During the subse-
quent healing period, the wound is resurfaced by epithelium in a few days, and then
new subepithelial tissue is produced and remodelled in a process taking many
months [10-12]. The corresponding refractive changes comprise an initial overcor-
rection, followed by a gradual reduction in refractive error until a plateau is reached
near emmetropia (or the intended refraction).

The variability of the refractive outcome after PRK arises from individual differ-
ences in the wound healing response. All patients can be considered to lie on a spec-
trum of wound healing [13]. The majority are near the centre, with normal healing
resulting in approximately emmetropia. At one end of the spectrum are those patients
with a limited healing response, who remain overcorrected with a relatively large
change in corneal topography. At the other end of the spectrum are those with an
aggressive healing response, who regress with a return towards their original refrac-
tion. Similarly, the topography reverts towards normal, with the treatment zone
becoming much less obvious.

Myopia

To correct myopia, the excimer laser flattens the central cornea by etching a nega-
tive lens into its anterior surface (Figs. 14.1, 14.2 and 14.3). This may be achieved
by passing a broad beam of relatively uniform energy distribution through either an
expanding aperture, a preshaped erodible mask or a rotating slit [14]. As a result, a
greater number of pulses fall on the centre than the periphery of the treatment zone,
and a saucer-shaped disc of tissue is removed. The computer-controlled expansion
of the aperture, the shape of the mask or slit or the movement of a flying spot deter-
mines the exact profile of the ablation. The depth of ablation is greater for correc-
tions of higher magnitudes and larger diameters. However, still only the very
superficial corneal layers are removed; for example, a —6.00D 6 mm correction has
a central ablation depth of 78 pm [15].

Hyperopia

The correction of hyperopia requires the optical zone to be steepened (Fig. 14.4).
This is achieved by removing an annulus of tissue from the midperiphery of the cor-
nea [16, 17]. Therefore ablation zones need to be much larger than for the correction
of myopia and are typically about 9 mm in diameter.
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Fig. 14.1 Myopic photorefractive keratectomy. The excimer laser removes more tissue from the
centre than the periphery of the treatment zone to correct myopia. This patient underwent a spheri-
cal —6.00D 6 mm PRK. (a) Preoperatively there was —2.00D with-the-rule astigmatism. (b) At
1 week postoperatively, the majority of patients are overcorrected, and in this case, the spherical
equivalent was +1.50D. The contours are closest together just inside the edge of the treatment
zone. There was marked flattening of the central cornea making the cornea oblate rather than pro-
late. Therefore the astigmatism appeared as a blue horizontal bow tie. (¢) One month postopera-
tively, wound healing mechanisms have started replacing ablated tissue. This has reduced the
spherical equivalent to +0.50D, and the corneal flattening is less marked. (d) By 1 year, the refrac-
tion has stabilised to —0.25D spherical equivalent, and the topography again appears less flat than
previously
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Fig. 14.1 (continued)

Regular Astigmatism

Regular astigmatism is corrected by the differential ablation of tissue in the steeper
meridian, and therefore the treatment zone is usually hemicylindrical or oval
(Fig. 14.5). As this involves the removal of tissue from part of the optical zone, a
purely astigmatic correction is usually associated with some central corneal flatten-
ing and a corresponding hyperopic shift in the spherical equivalent [18]. The cou-
pling seen following incisional procedures does not occur, because the middle and
deep stromal lamellae are still intact. Astigmatic corrections are frequently per-
formed in combination with spherical procedures [19].
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Fig. 14.2 Photorefractive
keratectomy (PRK)
difference maps. The most
effective way of displaying
the change occurring is on
a difference map. (a) The
change induced by the
surgery is obtained by
subtracting the
preoperative map

(Fig. 14.1a) from the
immediate postoperative
map (Fig. 14.1b). The
treatment zone appears
blue because tissue was
removed by the treatment.
If the two maps are
similarly aligned, there
should be no change in the
region outside the
treatment zone. This is
useful for medicolegally
documenting the surgery
which has been performed.
(b) The change occurring
postoperatively as a result
of wound healing is
obtained by subtracting a
late map (Fig. 14.1d) from
an immediate postoperative
map (Fig. 14.1b). The
treatment zone appears red
because since the ablation,
new tissue has been laid
down and the cornea has
become less flat

Irregular Astigmatism

Topography can be used to guide the excimer laser treatment of irregular astigma-
tism arising postoperatively or as a result of corneal disease. Originally in photo-
therapeutic keratectomy (PTK), fluid masking agents were used to protect
depressions from the laser energy, whilst protuberances above the fluid level were
ablated. This technique was useful for smoothing rough surfaces but lacked the
precision required for a refractive procedure.
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Fig. 14.3 Photorefractive keratectomy (PRK) height maps. This patient underwent —6.00D 6 mm
PRK. (a) Three-dimensional representation of the preoperative corneal height. (b) Projection-
based systems are able to accurately record the corneal topography immediately postoperatively.
The central cornea has been flattened by the removal of the epithelium and ablation of the underly-
ing stroma. The slightly heaped edge of the margin of the debrided epithelium can be seen just
peripheral to the ablation zone. (¢) The difference map shows the total depth of tissue removed by
the procedure. For a myopic correction, more stroma is ablated from the centre of the treatment
zone than from its periphery. (d) The cross section of the difference map shows the saucer-shaped
ablation profile
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Fig. 14.4 Hyperopic
photorefractive
keratectomy (PRK). To
correct hyperopia, the
excimer laser removes an
annulus of tissue from the
midperiphery to steepen
the central cornea. (a)
Preoperatively, the cornea
had a normal oval pattern.
(b) One week after a
+3.50D PRK, the
refraction was —0.50D,
and there was steepening
of the central cornea. In the
midperipheral cornea, the
contours are closer
together than normal,
representing the rapid
change from central
steepening to flattening
over the treated area. (c)
By 1 year new wound
healing tissue has been laid
down where the ablation
was deepest. This slightly
reduced the effect of the
correction, and the
refraction stabilised at
+0.25D
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A few surgeons tried applying freehand small (e.g. 1 mm) treatment zones to
patches of the cornea corresponding to the steep areas on videokeratoscopy
maps. However, this commonly exacerbated visual problems by creating a mul-
tifocal cornea. Others have used Fourier techniques to better identify areas of
irregularity by removing the spherical and cylindrical components of the corneal
shape [20].

If topography is to be used to guide the correction of irregular astigmatism, it is
imperative that height maps are used so that the treatment can be applied to the
peaks, rather than the steep sides, of any elevated area. Ideally, the site and distribu-
tion of the ablation should be computer controlled, because any malposition of the

Fig. 14.5 Astigmatic
photorefractive
keratectomy (PRK). To
correct astigmatism, the
excimer laser removes
more tissue in the steep
axis than the flat axis. (a)
Preoperatively the
refraction was
—3.00/-2.00x 180°. The
against-the-rule
astigmatism appears as a
horizontal bow tie. (b) One
week postoperatively, the
corneal surface is slightly
irregular due to the healing
epithelium. The overall
pattern is almost spherical,
although there is a very
slight early overcorrection
of the stigmatism centrally.
(c) The difference map
demonstrates that the
power has been changed
by approximately 2D in the
vertical meridian and 5D in
the horizontal meridian.
(d) The height difference
map shows that more tissue
has been removed from the
horizontal axis than the
vertical axis and ablation
appears oval
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Fig. 14.5 (continued)

treatment can result in removal of tissue from the troughs rather than the peaks lead-
ing to increased irregularity.

There are two potential mechanisms by which the application of laser energy
could be controlled. Firstly, the topographic map could be used to lathe an indi-
vidualised erodible mask complementary to the corneal shape, which was then
correctly positioned in the path of the laser beam. Secondly, the topographic infor-
mation could directly drive the ablation pattern of a “flying spot” laser, in which a
computer-guided 1 mm beam is used to “paint” the corneal surface. Any of these
techniques require that the subsequent wound healing is symmetrical. Even if they
were able to smooth the surface of the cornea accurately [21], the refractive out-
come would be difficult to predict, and the effect on visual function is currently
unknown [22, 23].
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Topography After PRK

As with any refractive procedure, the first postoperative map shows most accurately
the topographic change achieved by the procedure itself. The treatment zone is usu-
ally easily delineated by the close proximity of adjacent contours at its edge. Its
diameter can be measured using the grid or cursor facilities (Fig. 5.10). The position
of the edge of the treatment zone is accentuated by the use of a difference map [24]
(Figs. 14.2, 14.4c and 14.5¢).

Myopic corrections result in flattening of the whole treatment zone (Figs. 14.1,
14.2 and 14.3). Following hyperopic corrections, there is steepening of the central
cornea, which increases the corneal asphericity. This is surrounded by a ring of rela-
tive flattening at the edge of the treatment zone where most corneal tissue has been
removed (Fig. 14.4). Sometimes this is not evident on the colour-coded contour map
if a scale with a large step interval is used; but on the Placido image, the rings are
more widely spaced in this region [16, 25].

For corneas that have round or oval topographic patterns preoperatively, the
contours tend to remain concentric following spherical procedures. The appear-
ance of a preoperative bow tie is changed little by a hyperopic procedure.
However, following a myopic correction, the red bow tie is replaced by a blue
bow tie in the perpendicular axis (Fig. 14.1). This arises from the way in which
the corneal slope is measured by videokeratoscopes, and does not reflect a change
in astigmatism.

In astigmatic procedures the treatment zone is oval. During the period of over-
correction, the preoperative red bow tie is replaced by a blue bow tie in the same
axis (Fig. 14.5).

Following any PRK treatment, the induced flattening or steepening is most pro-
nounced initially during the period of overcorrection and then becomes less marked
with time as new wound healing tissue is produced (Fig. 14.1). This process and the
subsequent remodelling may produce changes in the topographic pattern as
described below.

In the early days of myopic PRK, small diameter ablations were used with the
aim of minimising the volume of tissue removed. This resulted in wide individual
variations in the refractive outcome. Some patients with a limited healing response
were left hyperopic with persistent corneal flattening (Fig. 14.6). In contrast, those
with an aggressive healing response underwent regression, with reduction of the
corneal flattening and, in the worst cases, corneal steepening (Fig. 14.7). However,
with the introduction of larger diameter ablations, cases of this severity are no lon-
ger seen [26, 27].

Projection-based topography systems are useful because they can measure the
topography immediately postoperatively as they do not require the anterior corneal
surface to be reflective [28] (Table 3.1). Height maps are particularly valuable for
PRK because the refractive outcome achieved is directly related to the precise depth
of tissue removed from the anterior corneal surface [15]. The difference between the
preoperative and immediately postoperative maps demonstrates the profile of the
ablation and the spatial uniformity of the laser beam. Subtraction of the immediate
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Fig. 14.6 Photorefractive keratectomy (PRK) overcorrection. Following a -6.00D 4mm PRK, the
refraction in this 66-year-old man swung to +5.50D where it remained for about a year before
slowly reducing to +5.00D over the subsequent year. He had extreme central corneal flattening (see
cursor box) as a result of his minimal wound-healing response and never developed any haze.
When wearing an optical correction, he suffered halos in moderate and dim illumination (Fig.
13.1). This was due to a combination of the small treatment diameter and the large +11.50 hyper-
opic shift. Fortunately such extreme cases are very rarely seen nowadays because larger diameter
treatments are used

postoperative topography from subsequent maps quantifies the new tissue produced
at intervals during the healing process [29].

Ablation Zone Centration

Accurate centration is best achieved by aligning the ablation on the centre of the
pupil [30, 31], whilst the patient is fixating coaxially with the surgeon [32].
Alternatively, some surgeons fixate the eye by the use of a suction ring or other
instruments, but this tends to be less effective [33]. Alignment is optimised by pre-
operative calibration of the aiming beams and the surgeon taking care to ensure that
they are properly positioned on the eye before and during treatment.

Decentration most commonly occurs as a result of patient movement secondary
to loss of fixation. The incidence is increased in higher-order corrections, presum-
ably because the duration of the ablation is longer [34-37]. There is no correlation
with the diameter of the ablation, but the visual effects of decentration are greater
for smaller optical zones and in patients with big pupils (Fig. 14.8).

The risk of decentration can be reduced by the surgeon ensuring the careful pre-
operative counselling of patients to reduce anxiety, preoperative training of patients
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Fig. 14.7 Photorefractive keratectomy (PRK) regression and haze. Following a -6.00D 5mm
PRK, there was an initial overcorrection of +2.25D, followed by a steady increase in regression
until the residual spherical equivalent error was -7.00D at six months, when it stabilised. Subtraction
of the one-year (a) from the preoperative (b) topography shows that the net result of the procedure
has been a steepening of the cornea (c). This is due to an aggressive wound-healing response,
which has produced excessive new tissue, causing severe corneal haze (d). Fortunately, cases of
this severity are now very rare due to the use of larger diameter ablation zones

including fixation practice, comfort in the surgical chair, gentle support of the
patient’s head, vocal instructions and encouragement during the procedure [35, 38].
The surgeon should carefully monitor fixation throughout and stop ablating as soon
as any movement occurs. The aiming beams can then be recentred and the proce-
dure continued.

Differences in centration between surgeons are only partly explained by experi-
ence [39, 40]. This suggests that there may be variations not only in surgical skills
but also in the ability of surgeons to make patients at ease. Technological advances
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Fig. 14.8 Photorefractive keratectomy (PRK) decentration. A —5.25D 5 mm ablation zone was
decentred superonasally by about 1 mm. (a) This resulted in marked asymmetry of the cornea
(SAI = 0.58) and induced 2.00DC astigmatism. (b) The patient complained of halos below lights,
and this was confirmed by objective testing. When viewing with his treated eye a bright central
spot on a dark computer screen in a darkened room, he could trace the edge of his halo with the
mouse cursor. The halo was most pronounced inferiorly because he has the equivalent of a very
small diameter treatment zone in that area. The inferior cornea remains too steep, so the light pass-
ing through it defocused onto the superior retina, which is represented in the inferior visual field of
the cortex (the inferior ray in Fig. 13.1)
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aiming to improve centration during longer procedures include two types of eye-
tracking systems [41]. The first automatically shuts off the laser when eye move-
ment occurs. The second couples a real-time tracking device to mechanisms
producing corresponding movements of the laser beam.

Decentration may be assessed postoperatively by using the software of the
topographer to measure the distance from the centre of the flattened zone to the
centre of the pupil (Fig. 5.10). In studies performed prior to the development of
pupil detection software, measurements were made to the corneal reflex which
located the corneal apex [30, 32, 42].

Measurements of decentration are best taken early after surgery, as soon as the
epithelial irregularities have resolved, so the position of the ablation is not masked
by asymmetric healing [43]. Ideally measurements should be taken immediately,
but this requires a topography system which (unlike videokeratoscopes) can take
measurements from non-reflective surfaces [28] (Table 3.1).

The results of published studies (Table 14.1) demonstrate that the magnitude of
decentration has reduced over the years as laser technology and surgical experience
has improved [39, 44]. Some authors have demonstrated no systematic error in the
direction of displacement [39], whilst others have shown a tendency for decentration
to occur either inferiorly [41, 45], inferonasally [35], superonasally [46] or down and
to the right in both eyes [42]. The centre of the pupil shifts by as much as 0.4-0.7 mm
at the extremes of miosis and mydriasis, but this occurs in a superonasal direction
[47], and therefore preoperative miosis is not responsible for decentration. However,
some surgeons have suggested that refractive surgical procedures should be centred
on the natural pupil rather than one subjected to pharmacological constriction [35].

The topographic pattern resulting from decentration may be similar to that pro-
duced by pre-existing asymmetric astigmatism or an asymmetrical healing response.
For example, a superior decentration may resemble a well-centred treatment per-
formed in an eye with early keratoconus (Fig. 14.9). This highlights the importance
of recording the topography preoperatively and as soon as possible postoperatively.
These maps, and the difference map derived from them, may be the only way of
determining the cause of subsequent irregular topography and whether the surgeon
was responsible.

Table 14.1 Decentration of the ablation zone after PRK. A summary of tshe results of published

work
Mean % % %
Decentration (mm) <0.25 mm | <0.50 mm <1.00 mm
Klyce and Smolek (1993) [145] phase |0.79+0.11 |10 13 52
ITA and B 0.47+0.06 |52 95 100
Cavanaugh et al. (1993) [168] 0.52 57 93
Cantera et al. (1993) [394] 75 95
Lin et al. (1993 and 1994) [462, 298] 0.34+0.23 |37 85 98
0.29+0.15
Schwartz-Goldstein et al. (1995) [715] |0.46 22 65 97
Deitz et al. (1996) [845] 0.62+0.34 41 91
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Fig. 14.9 Photorefractive keratectomy (PRK) in a keratoconus suspect. A patient with a refraction
of —7.75/—0.75x180° underwent a left 5 mm PRK without corneal topography being performed
preoperatively. After a large initial hyperopic shift (refraction about +4D at 1 week), he slowly
regressed to approximately his original refraction (—8.00/—1.00x180°) with the development of
grade 4 reticular haze. When topography was performed 15 months postoperatively, the left had the
appearance of a superiorly decentred treatment zone. However, topography on the untreated right eye
(a) revealed inferior corneal steepening which was compatible with a diagnosis or either a normal
asymmetric bow tie or keratoconus suspect. The inferior steepening may have been more severe in
the left eye (b) as this was the eye to be treated first. It is likely that the treatment zone was properly
centred but that it was the pre-existing inferior steepening which made the topography appear decen-
tred and gave rise to visual problems. An aggressive wound healing response with marked haze and
regression is a recognised complication following the treatment of the eyes with keratoconus
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The visual effects of decentration are determined by the diameter of the ablation
zone and the size of the pupil. Early studies using small optical zones suggested that
decentrations of 0.2-0.5 mm were clinically significant [30], whereas more recent
studies using larger diameter treatments suggested that patients can tolerate up to
1 mm decentration [42]. The resultant irregular astigmatism can reduce visual acu-
ity and contrast sensitivity. Patients may complain of polyopia and halos displaced
in the opposite direction from the decentration (because the halo is largest where the
radius of the treatment zone is smallest) (Fig. 14.8b).

Patterns of Healing

After PRK, new wound healing tissue is laid down over the surface of the ablation.
The distribution of this new tissue determines the shape of the postoperative corneal
surface. After surgery there is usually an increase in astigmatism and surface irregu-
larity, which tends to improve with time [48, 49].

Eight corneal topographic patterns occurring after PRK have been identified
(Table 14.2) [39, 44, 50, 51]. Patients with a homogeneous pattern have least astig-
matism; and those with regular patterns (homogeneous or toric) have a better
refractive predictability, visual acuity and level of satisfaction than those with
irregular patterns [50]. The irregular patterns include semicircular (Fig. 14.10),
keyhole (Fig. 14.11), central islands (Fig. 14.12), focal irregularities and irregu-
larly irregular.

The incidence of different patterns varies between studies (Table 14.3). This may
partly relate to the huge variation in healing patterns seen in different patients. In
addition, it may also partly depend upon the characteristics of the laser, surgical
technique and the topography system used. Surface irregularities are more likely to
be detected by a device with a smaller central ring diameter and less smoothing in
the algorithms, as in the TMS rather than the EyeSys.

Table 14.2 Topographic patterns after PRK [462, 298, 716]

Pattern Description

Regular

Homogeneous | Uniform flattening and smooth change of power, progressively decreasing
power change towards periphery

Toric with axis | Smooth toric bow tie with greater induced flattening in the steep preoperative
axis leading to a reduction in astigmatism

Toric against Smooth toric bow tie with greater induced flattening in the flat preoperative
axis axis, leading to an increase in astigmatism

Irregular

Semicircular General foreshortening of the ablation zone in one meridian

Keyhole Area of relatively less flattening extending in from the periphery

Central island | Central area of relatively less flattening >1 mm in size and >1.00D in power

Focal variants | Generally homogeneous pattern with irregularities <1.0 mm in size or
<1.00D in power

Irregularly Generalised irregularities over the treatment zone, not conforming to the
irregular specific criteria on any other pattern: more than one area >0.5 mm in size and
>(0.50D in power or one area >1.0 mm in size and >1.00D in power
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Fig. 14.10 Semicircular pattern (myopic PRK). One month following a —6.00D PRK, a greater
quantity of new wound healing tissue has been generated inferiorly than superiorly, leading to
asymmetry of the ablation zone. The best-corrected visual acuity is reduced to 6/9, the SAI is ele-
vated, and the haze is denser inferiorly. The central topography became more regular during the
following months
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Fig. 14.11 Keyhole pattern (myopic PRK). One month after a —6.00D PRK, irregularity of the
wound healing response has given rise to a keyhole topographic appearance
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Fig. 14.12 Central island (myopic PRK). One week after a —3.00/—2.00 x 90° PRK, there is a

central area of high power surrounded by an annulus of lesser power. Over the following months,
the central island became less obvious, and the statistical indices reverted towards normal

Table 14.3 Incidence of topographic patterns after PRK [462, 298, 716, 982]

Lin et al. (1993 and 1994) Hersh et al. (1995 and 1997)

VISX laser Summit laser, 4.5-5 and 6 mm

TMS videokeratoscope EyeSys videokeratoscope

1 month postoperatively 1 year postoperatively

Central uniform flat zone 45% | 44% | Homogeneous 59% | 21%
Toric-with-axis-configuration 18% | 28%
Toric-against-axis configuration 3% 10%

Semicircular ablations 33% 18% | Semicircular/keyhole pattern 3% | 25%

Keyhole patterns 12% 12%

Central islands 10% | 26% | Central islands 0% 0%
Focal irregularities 4% 9%
Irregularly irregular 13% 7%

Following astigmatic procedures, healing may be associated with a change in
axis, the development of a homogeneous pattern if the astigmatism is corrected or
reversion to the original axis. Irregular patterns may develop, similar to those seen
following spherical procedures.

Central Islands

Central islands are a topographic complication of PRK that are relatively rarely seen
since the early days of PRK [52]. However, they may still be evident in patients
treated with early generation laser systems.
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Table 14.4 Classification and incidence of central islands in patients treated with a VISX laser
[52]. Central islands were seen in 67% of patients 3 months after surgery

Grade Power Diameter Incidence
A <3.00D 40%
B >3.00D <3 mm 14%
C >3.00D >3 mm 13%

Central islands are defined as any part of the treatment zone surrounded by areas
of lesser curvature on more than 50% of its boundary (Fig. 14.12). They are classi-
fied according to the power and diameter of the central steep area (Table 14.4). No
correlation was found with attempted correction [53]. The incidence and size of
central islands are maximal soon after surgery and then reduce over time as corneal
irregularities become smoother. In early studies, an incidence of 26% at 1 month
was reported to reduce to 18% at 3 months, 8% at 6 months and 2% at 1 year
[44, 54, 55].

Several mechanisms have been proposed to explain the occurrence of central
islands [50-58]. Some of these mechanisms may also have a role in the determina-
tion of other postoperative corneal shape patterns. Each exerts its effects through
one of the three common pathways: reduced central ablation due to characteristics
of the laser, reduced central ablation due to properties of the cornea or irregularities
of healing.

The difference in incidence of central islands between commercial makes of
laser suggests that features of the individual lasers may be responsible. For exam-
ple, ablations by Summit Excimer lasers are followed by fewer central islands than
ablations by VISX excimer lasers. This may be because the Gaussian profile of the
Summit beam removes relatively more central tissue than the VISX beam, which
has a flat energy profile [57]. The variable incidence between different studies has
led some authors to suggest that damage to the optical system of a laser can attenu-
ate the beam, leading to “cold spots” where less energy reaches the cornea. It has
also been suggested that the plume of effluent rising from the ablated surface could
mask the beam [57, 58].

However, irregularities of ablation attributable to the laser should be detectable
on preoperative laser beam analysis [59]. If this is not the case, differential ablation
may occur as a result of mechanisms occurring in the cornea. It is known that the
effective depth of ablation is determined by the hydration of the cornea: the greater
the hydration of the cornea, the less corneal tissue is removed with each pulse. In
theory, central islands could occur as a result of greater hydration of the central or
deeper portions of the cornea [44], but there is little evidence to support this. An
alternative theory suggests that, as opposed to differential hydration occurring natu-
rally, “shock waves” produced by a flat beam profile “push” fluid centrally. However,
experimental evidence of this occurring is lacking.

The great variation between individuals in the shape of the postoperative surface
is more characteristic of a biological explanation. A slight irregularity and heaping
of the epithelium is commonly seen at the site of closure of healing epithelial
defects, including those following PRK. Normally this becomes smooth fairly rap-
idly, but persistence could account for some central islands. When epithelial
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heaping over a small stromal defect occurs, it may be incorporated into the epithe-
lial thickening that is frequently seen. However, when the stromal defect is larger,
the heaping may be surrounded by an area of relatively normal epithelium, and
therefore it may become identifiable as an isolated island. This may account for the
greater incidence of central islands in larger diameter ablations.

Central islands are more likely to be epithelial than subepithelial, because they
are seldom associated with a localised increase in corneal haze. However, subepi-
thelial changes may be responsible for the asymmetric or semicircular appearance
of some ablations, where a wedge of increased haze is associated with relative cor-
neal steepening and foreshortening of the ablation zone.

In any group of patients with irregularity of the postoperative corneal surface,
there are probably several different mechanisms acting, either alone or in combina-
tion in different patients. The prevention of irregularities therefore requires a com-
bined approach. Some surgeons have applied more pulses to the central 2-3 mm of
the cornea, either by manually performing a shallow PTK beforehand, or by using
laser algorithms with an automatic correction [57], or as a second procedure [60]. In
addition, it should also be possible to modify the ablation profile to favour regular
wound healing.

Long-Term Follow-Up

It has been shown that the anterior corneal topography continues to change up to
14 years post-treatment [61]. Studies have reported a mean regression of —0.5 diop-
tres over the first 1-2 years with a slow continued myopic regression over the fol-
lowing 12-14 years. However, most studies have assessed stability based on
refraction and mean K readings which do not take into account various parameters
including the posterior corneal surface and normal age-related changes in the cor-
nea, lens and vitreous [61].

Laser In Situ Keratomileusis

The use of the excimer laser in refractive surgery has overcome the variability of
surgical technique characteristic of incisional procedures. However, suboptimal
accuracy, predictability and stability of the refractive change still persist following
PRK due to variability of the wound healing response. In recent years, laser in situ
keratomileusis (LASIK) has been introduced with the aim of controlling wound
healing.

Mechanisms

LASIK was preceded by first manual, and then automated, keratomileusis or lamel-
lar keratoplasty [62]. In these procedures the anterior corneal surface was reshaped
by cutting the superficial tissues. LASIK is more refined and involves creating a
corneal flap with a microkeratome or femtosecond laser, ablating the stromal bed
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with an excimer laser to produce the refractive correction and then replacing the flap
[63]. The flap is usually 120-190 pm thick and 7.2-8.5 mm in diameter, with a
1 mm hinge. At least 30% of the corneal thickness should remain undisturbed to
avoid possible subsequent ectasia [64]. In contrast to PRK, the stromal wound can
heal without the influence of the epithelium, and this results in less corneal haze.

Femtosecond Laser

Femtosecond laser is infrared with a wavelength of 1053 nm, and it produces pho-
todisruption or photoionization of the corneal tissue in a similar manner to Nd: YAG
laser. It generates a rapidly expanding cloud of electrons and ionised molecules, and
the acoustic shock wave disrupts the treated tissue 2. A Nd:YAG laser has a nano-
second pulse duration (10~ s), whereas femtosecond laser pulse duration is in the
femtosecond range (10~ s). Reducing the pulse duration reduces the amount of
collateral tissue damage making it safer for corneal refractive procedures.

Topography After LASIK

The refractive and topographic changes after LASIK are similar to PRK, with an
initial overcorrection being followed by a gradual return towards emmetropia [65,
66]. However, because the surface epithelium remains intact, videokeratoscopy can
be performed successfully at an earlier stage, and the corneal surface is regular
within days [67]. Some authors suggest that the overcorrection is not as large and
that stability is reached at an earlier stage [65, 67].

Significant decentration (>0.5 mm) occurs in 16-50% of patients undergoing
LASIK [45, 64, 66]. Its frequency and severity is up to twice that of PRK [45]. This
may partly arise because the stromal bed is more difficult to mark than the epithe-
lium. In addition, the higher-order corrections typically treated by LASIK are asso-
ciated with, firstly, longer treatment times during which drift may occur and,
secondly, difficulty seeing the fixation target due to worse unaided vision and the
greater ablation depth.

Despite the ablation being covered by a flap of corneal tissue, surface irregulari-
ties may occur [62, 65]. Central islands are similar to those seen after PRK [64—66].
In the past, suturing of the flap could contribute to irregularities, but now most sur-
geons float the flap on fluid until it reaches its natural resting place as determined by
the hinge and then rely upon drying to hold the flap in place without sutures [66].
Irregularities may be caused by the particulate debris in the interface which can be
seen on biomicroscopic examination [64]. This is possibly derived from defective
cellulose sponges, the microkeratome blade, the keratotomy incision or epithelial
cells from the conjunctiva or lid margins swept onto interface by excessive irriga-
tion or patient tearing. The feint punctate grey spots seen in the stromal bed of some
patients are thought to be deposits of extracellular matrix material produced during
wound healing [65].

About 4-10% of patients develop surface irregularity as a result of epithelial
ingrowth at the periphery of the flap-stromal interface. In the majority this is a
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1-2 mm band confined to less than 120° of the circumference of the flap [66]. The
most common sites are inferiorly and temporally. However, in some patients the
epithelial front actively progresses across the cornea under the flap [64]. This causes
increasing irregular astigmatism which reduces best-corrected visual acuity. Relifting
of the flap and removal of the cells immediately restore the corneal topography and
visual acuity (Fig. 14.13). Epithelial ingrowth is a risk factor for melting or necrosis
of the corneal flap, so when severe, debridement should be performed early [66].

Fig. 14.13 LASIK
epithelial ingrowth. A
patient underwent a right
—8.00D (79 p) LASIK
ablation under a 160
micron flap. (a) At 1 month
the vision was only 6/24.
On biomicroscopy there
was a focal cystic lesion
originating from the
extreme periphery of the
flap-stromal bed interface.
Topography showed
generalised flattening of
the treatment zone, with
localised steepening
relating to the abnormality
of the interface. (b) By

3 months it had enlarged
and progressed across the
cornea sufficiently to cause
4.00DC irregular
astigmatism and reduce the
best-corrected visual acuity
to 6/18. (¢) Four months
after the original
procedure, the flap was
relifted, and the ingrowing
epithelial cells were
removed. This immediately
improved the best-
corrected acuity and
restored the flattening
across the whole ablation
zone (Courtesy of Mr.
Patrick Condon FRCS
FRCOphth)
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Small Incision Lenticule Extraction (SMILE)

Small incision lenticule extraction (SMILE) involves the cutting of a small intra-
stromal lenticule using a femtosecond laser and its manual removal. It evolved
from femtosecond lenticule extraction (FLEXx), which allowed the removal of a
stromal lenticule without the creation of a flap [67]. It is used to treat myopia,
hyperopia, presbyopia and astigmatism and has been shown to have similar out-
comes to LASIK [68].

As the anterior corneal stroma is preserved, it is thought that the corneal biome-
chanics are less disrupted compared to post-LASIK treatment: it promises similar
clinical outcomes to LASIK with potential maintenance of biomechanical integrity
[69-72].

Topography After SMILE

Topography patterns following SMILE are similar to those following LASIK as
similar patterns of tissue are removed in both myopic and hyperopic treatments
[73-74].

Complications

Complications following SMILE are rare and include epithelial abrasions, perfo-
rated caps, stromal keratitis and postsurgical ectasia. There have been numerous
studies on SMILE outcomes, but most have included small patient numbers and
short follow-up [67, 74-76].

Surface or Interface Complications
Between 4 and 10% of patients may get stromal microstriae, but these have not been
shown to have any clinical significance [67, 76, 77].

Other problems include corneal haze, sterile inflammation, minor islands of
interface epithelial cells and interface debris [78].

Ectasia Post-SMILE

Postoperative ectasia remains the most feared postoperative complication for any
refractive surgeon. Whilst rare, it does still occur [79-83], but its occurrence should
be minimised by a thorough preoperative assessment similar to that for LASIK.

Laser Thermal Keratoplasty

Laser thermokeratoplasty is a surface technique which acts by structurally altering
the tissues of the superficial cornea to change its anterior curvature [66, 84, 85].
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Mechanisms

When collagen is heated to 50-55 °C, its interpeptide hydrogen bonds break, and
the triple helical structure collapses. This results in contraction of collagen fibres to
about one-third of their original length [85]. For over a century, this has been
achieved using heated wires, thermal probes and radio-frequency or microwave
probes. Recently the technique has been refined by the use of the infrared
holmium: YAG laser (wavelength 2.1 pm) [66].

Topography After LTK

Each laser spot (diameter 300—600 pm) induces a cone of shrunken tissue, with its
base on the corneal surface, and apex at a depth which increases with the total laser
energy applied [10, 85]. This creates a flattened zone centred on the spot itself and a
steepened zone surrounding it (Fig. 14.14b). The refractive effect achieved is depen-
dent upon the location of the spots and their proximity to their neighbours [84].

The holmium:YAG laser utilises a polyprismatic lens to divide its beam into
eight spots organised in a ring, which is centred on the pupil [66] (Fig. 14.14a). If
the ring has a diameter of 3 mm or less, opposite spots are sufficiently close together
that their central flattened zones overlap. This results in flattening of the optical
zone of the cornea, which could theoretically be used for the treatment of myopia
(Fig. 14.14c¢). In practice, the proximity of the altered corneal stroma to the visual
axis limits its use in these cases.

At aring diameter of 4 mm, the refractive effect is small and unpredictable because
the flattened zones and steepened zones of opposite spots overlap (Fig. 14.14d).

When the diameter of the ring is 5 mm or greater, opposite spots are sufficiently
far apart that the optical zone of the cornea is only steepened (Fig. 14.14e). This
technique is practised for the treatment of hyperopia, when ring diameters of 6-8 mm
are commonly used. Greater refractive effect is achieved by increasing the laser
energy (energy per pulse or number of pulses) or the number of spots [86-88]. New
spots can be added to the same ring between existing ones by rotating the delivery
system through 22.5°, or a different ring diameter can be used. Postoperatively, the
topographic maps show central steepening, with flattening of the corneal periphery
(Figs. 14.15 and 14.16). Regression of effect is usually seen within 1 month and
tends to stabilise after 3 months [86, 87].

Both myopic and hyperopic regular astigmatisms can be treated by selecting the
appropriate ring diameter and then masking the spots in two opposite quadrants.
When these treatments are applied experimentally to spherical corneas, the postop-
erative videokeratoscopy map demonstrates a blue or a red bow tie, respectively
[84]. When used to treat astigmatism, a preoperative bow tie should be eliminated.
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Fig.14.14 LTK mechanism. The effect of holmium LTK on corneal topography. (a) Thermal spots
are applied in one or two rings concentric with the pupil. (b) Thermal treatment has greatest effect
superficially and therefore produces a cone of collagen contraction (thick black lines). This shortens
the arc length of the superficial cornea (arrows) producing a flattened zone (f) centred on the spot
itself. As a result the surrounding cornea is steepened (S). (¢) When the opposite spots (a and b) are
close together, the flattened zones overlap, resulting in flattening of the central cornea. (d) When the
spots are 4 mm apart, the flattened and steepened zones overlap, producing a small unpredictable
change in topography. (e) When opposite spots are further apart, the central cornea is steepened
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Fig. 14.14 (continued) d Sa Fa Sa

Fig. 14.15 Holmium LTK. The preoperative (a) and 1-week postoperative (b) maps of a patient
who underwent a +3.00D laser thermokeratoplasty. The procedure induced steepening of the cen-
tral cornea, flattening of the periphery and a rapid change in contour of intermediate zone
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Fig. 14.16 Holmium LTK-induced change. In a patient with pre-existing against-the-rule astig-
matism following cataract extraction, the difference between the preoperative (a) and 1-month
postoperative (b) maps demonstrates that the +3.25D laser thermokeratoplasty induced a spherical
change in the central corneal power (c)
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Corneal topography can obviously be affected by disease processes (Chaps. 8, 9 and
10) and surgery (Chaps. 11, 12, 13 and 14) directly involving the cornea itself.
Changes can also occur as a result of surgery to adjacent structures, although tech-
niques usually aim to minimise this. The underlying mechanisms are similar in both
situations (Tables 8.1, 11.1 and 15.1), so once the principles are understood, they
can be applied to different surgical procedures to predict or explain the induced
changes in topography.

Assessment of the corneal shape is rarely required in patients undergoing non-
corneal surgery. However, in these cases, corneal topography can be valuable post-
operatively in the investigation of unexplained visual deterioration and in the
development of new surgical techniques.

In this chapter, examples of the topographic changes induced by three non-
corneal surgical procedures will be outlined to demonstrate how the principles and
mechanisms described in the previous chapters can be applied in different
situations.

Glaucoma Surgery

Many patients undergoing trabeculectomy have excellent preoperative visual acuity.
However, a number of studies have indicated that such surgery can alter corneal
curvature and lead to a reduction in vision postoperatively [1-4]. As the surgery
involves the limbus and anterior sclera, there are several potential mechanisms
which can underlie these changes.
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Table 15.1 Mechanisms responsible for topographic changes following non-corneal ocular
surgery

Mechanisms Glaucoma surgery Retinal surgery Strabismus surgery

External Tubes and reservoirs Pressure by explant Tension in muscles
forces

Tear film Bleb related Conjunctival disruption | Conjunctival disruption

Corneal Epithelial irregularity - -
surface after antimetabolites
Corneal Cautery - ? 2° to interruption of
stroma blood supply

Surgical Scleral flap - -
incision
Location
Length
Depth
Architecture

Surgical Scleral flap Sclerostomy sites -
closure

Alignment

Suture bites

Orientation
Material

The first four mechanisms are similar to those seen in corneal disease (Table 8.1), and the remain-
ing two are seen following surgery (Table 11.1)

Topography After Trabeculectomy

Immediately after surgery, shallowing of the anterior chamber induces a myopic shift
which resolves after about 3 weeks [2]. Keratometry tends to demonstrate a temporary
mild increase in with-the-rule astigmatism (vertical steepening) [1, 2], although
topography suggests that this is more severe and can persist beyond 1 year [3, 5].
Three types of topographic change have been described: superior steepening
(48%, Fig. 15.1), superior flattening (17%, Fig. 15.2) and complex irregular changes
(35%, Fig. 15.3) which include central steepening and central flattening [5]. When
performing trabeculectomies, surgeons can minimise postoperative visual distur-
bance by attending to the manoeuvres which can alter the corneal topography.

Mechanisms

Most trabeculectomies are performed superiorly, under the upper lid. Excessive
scleral cautery can cause collagen to contract in a similar manner to that described
for holmium laser thermokeratoplasty (Fig. 14.13). This can result in localised
peripheral flattening, particularly if cautery is applied to the limbus, and associated
steepening of the paracentral cornea superiorly (Fig. 11.1b).
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Fig. 15.1 Trabeculectomy steepening. Superior corneal steepening after trabeculectomy can

result from two mechanisms. Excessive cautery can cause contraction of the scleral collagen fibres.
Traction on the flap may occur if scleral sutures are too tight
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Fig. 15.2 Trabeculectomy flattening. Superior flattening after trabeculectomy can occur if the
flap or the sclerostomy is made too large or sutured too loosely. In this case it was sufficiently
severe to involve the central cornea and induce 5.00D asymmetric astigmatism
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Fig. 15.3 Trabeculectomy irregular astigmatism. Complex irregular changes in the topography
can occur if several factors are operating simultaneously. This case demonstrates a mixture of
central flattening and superior torsion

When creating the scleral flap and the sclerostomy, the same principles apply as
for incisions in corneal or cataract surgery. The topographic changes will increase
with the size of the wound and its proximity to the cornea. It has been suggested that
microtrabeculectomy is equally effective at lowering the intraocular pressure as the
standard procedure [6], but it remains to be investigated whether the visual acuity
and corneal topography would benefit.

Suturing the scleral flap too loosely or too tightly results in an increase or
decrease in the arc length, and therefore radius of curvature, of the cornea. The
effect is similar, although less marked, to that seen with corneal sutures (Fig. 11.1a, c).
Likewise, dragging of the flap by uneven sutures can result in horizontal wound mis-
alignment and irregular astigmatism (Figs. 11.1f and 15.4). If an absorbable suture
is used, these effects can lessen over time.

If a large drainage bleb develops postoperatively, a meniscus of tear fluid can
collect between the bleb and the cornea (Fig. 15.5). This causes localised peripheral
flattening of the air-tear fluid interface in a manner similar to that seen with large
pterygia (Fig. 8.8). The excessive use of antimetabolites such as 5-fluorouracil or
mitomycin C, either intraoperatively or postoperatively, can cause epithelial
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Fig. 15.4 Trabeculectomy misalignment. Malposition of the flap, causing it to be dragged to the
left or right, results in torsional forces in the cornea and irregular astigmatism. As the flap is free
on three sides, the effect of the sutures at its edge are transmitted through its base to the cornea

irregularity which is apparent on the corneal topography. Augmentation by the use
of a drainage tube and subconjunctival reservoirs could theoretically produce local
flattening with associated corneal steepening, but this is rarely seen.

Retinal Surgery

After posterior segment surgery, refractive causes of reduced acuity may be over-
looked because full restoration of vision is not necessarily expected, as retinal mal-
function is common. External approaches to retinal detachment repair involve the
use of synthetic explants around the eye to apply pressure to the wall of the globe.

Topography After Retinal Surgery

Retinal detachment surgery involving explants commonly increases refractive astig-
matism and may cause a myopic shift (Figs. 8.1 and 15.6) [7-12]. However, the
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Fig. 15.5 Trabeculectomy bleb meniscus. This patient developed a large avascular cystic bleb
after trabeculectomy augmented with mitomycin C. Postoperatively, the vision was good because
the central cornea was regular. However, superiorly there was marked localised peripheral flatten-
ing produced by the tear film meniscus filling the angle between the bleb and the cornea (similar
to the mechanism occurring in large pterygia; see Fig. 8.8)

refraction does not distinguish between alterations in corneal curvature and distur-
bances of other optical surfaces within the eye or axial length as aetiological factors.
Long-term studies show that there is only moderate decay of the induced refractive
astigmatism over 5 years, although it can be reversed by removal of the explant.

The topographic changes occurring after retinal detachment repair vary with the
type of explant used. Local explants induce corneal steepening in the axis in which
they are placed [1]. This is often asymmetric, with greatest steepening in the merid-
ian nearest the explant forming an asymmetric bow tie. There may also be associ-
ated relative flattening in the perpendicular axis.

Of local explants, radial plombs induce greater corneal steepening than circum-
ferential scleral buckles for three main reasons [10]. Firstly, they apply pressure
over a more localised portion of the equatorial circumference of the globe. Secondly,
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Fig. 15.6 Radial plomb.
A superotemporal
rhegmatogenous retinal
detachment was repaired
by suturing a radial plomb
over the retinal hole just
lateral to the superior
rectus muscle.
Preoperatively, the corneal
topography showed a
round pattern, but after
surgery, the plomb had
induced 2.00DC
asymmetric astigmatism
at 80°

the plomb may extend more anteriorly towards the cornea because its position is not
limited by the insertions of the rectus muscles. Thirdly, greater indentation may be

achieved by a plomb made of compressible sponge than by a rigid silicone buckle.

When an encircling band is used, it is intended to generate an even pressure
around the whole circumference of the globe. In cases where this occurs, peripheral
corneal flattening surrounds an area of central steepening (Fig. 15.7). This com-
monly induces a myopic shift. A further contribution to this may be made by equa-
torial compression resulting in the elongation of the axial length. However, in other
cases, the cornea appears quite asymmetric, with flattening on one side and steepen-
ing on the other. This may arise if the band is either sutured obliquely or tightened
unequally [13]. The subsequent corneal distortion results in irregular astigmatism
and a reduction in vision. It should be possible to avoid this complication by careful
attention to surgical technique. However, it may be difficult to minimise other topo-
graphic changes without compromising the success of the procedure by limiting the
height of the indent.

Mechanism

An explant causes flattening of the globe directly under the area of compression and
steepening of the surrounding tissues (Fig. 8.1). Therefore an anteriorly placed
explant may cause some localised peripheral corneal flattening as well as central
steepening. Some more posteriorly placed explants may only produce a less marked
corneal steepening.
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Fig. 15.7 Encircling
band. For more complex
retinal detachments, an
encircling band generates
pressure around the

circumference of the globe.

(a) A tight band applying
uniform pressure causes
central corneal steepening
and myopia. (b) When the
band applies pressure
unevenly, the cornea can
become steep on one side
and flat on the other
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Vitreoretinal surgery and retinal detachment repair by an internal approach
require a three-port vitrectomy. In this technique, short sclerotomies are made
3.5-4 mm behind the limbus. In theory, cautery and tight suturing at these sites
could produce localised flattening, surrounded by an area of steepening which could
extend to involve the cornea. However, this has not yet been studied, and nowadays,
smaller sclerotomies are being used.

Retinal/vitreoretinal surgery can cause a significant increase in the corneal eleva-
tion and have a greater effect on the posterior corneal surface [14].
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Any procedure which causes swelling and irregularity of the conjunctiva has the
potential to disturb the tear film. This may cause pooling and meniscus formation
(as described for pterygia and trabeculectomy blebs) or drying with dellen forma-
tion. The topography may be irregular or show localised flattening.

Strabismus Surgery

Squint surgery is often performed in children, in whom an uncorrected refractive
error created by the procedure has the potential to cause or exacerbate amblyopia.
Therefore it is important to use a technique with minimal effect on the corneal

topography.

Topography After Strabismus Surgery

In patients undergoing strabismus surgery, as many as 60% have a small change
in refractive astigmatism which quickly resolves [15, 16]. However, 2% of chil-
dren and 25% of adults have an astigmatic shift of >1.00D which persists for over
1 year [17].

Refraction tends to suggest that those patients undergoing horizontal muscle sur-
gery most commonly have a with-the-rule astigmatic shift (vertical steepening),
whereas vertical muscle surgery is associated with an against-the-rule shift (vertical
flattening). However, there is conflicting topographic data. Some studies have
shown muscle recession to be associated with steepening [18], whereas others using
animals have demonstrated it to be associated with flattening [19]. Further studies
finding a lack of correlation between refraction and topography have supported a
non-corneal aetiology for the refractive changes [20]. It has been suggested that
extraocular muscle disinsertion might interrupt the vascular supply of the ciliary
body and indirectly affect lenticular curvature.

Mechanism

It has been postulated that extraocular muscle tension plays a role in maintaining
corneal shape. Theoretically, increased tension could flatten the peripheral cor-
nea and steepen the central cornea, but it is difficult to predict the effect of mus-
cles working in combination and how this would vary with the movement of the
eye.

Topography could potentially be altered if the scleral suture bites are too large
and tied too tightly, but the reattachment of muscles is usually sufficiently far pos-
teriorly to avoid corneal distortion. Conjunctival swelling or disruption can cause
tear film irregularity in a similar manner to that seen following retinal surgery. It has
not been determined whether any of these mechanisms are clinically significant in
strabismus surgery.
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