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Many of them have been found, but any day a new one could be found, and new ones are
always being found".

Part of a sermon by friar Giordano at a meeting in 1305. Cited in E. Rosen, The invention of
eyeglasses, Part I, Journal of History of Medicine 1956: 13-46
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Introduction and outline of the study

1.1 Introduction

The optical part from the eye consists of a succession of transparent tissues with differ-
ent refractive indices. Light entering from the outside passes the precorneal tear film,
the cornea, the aqueous humor, the lens, the vitreous body and eventually reaches the
retina. The first transition, from air to tear film, entails an optical density step of about
33% {n = 1.00 to n = 1.33). The posterior tissues deviate less than 10% from the refrac-
tive index of the tear liquid. Thus, the shape of the cornea, being the carrier of the tear
film, is of paramount importance for the optical quality of the eye and consequently for
good vision.

During the last twenty years, considerable progress has been achieved in the optical cor-
rection of this first refractive surface. In refractive surgery, there is wide acceptance
today for the concept of precisely changing the outer corneal curvature by using laser
photorefractive techniques. It requires accurate measurement of the corneal shape
before and after surgery. Moreover the production of modern contact lenses has become
highly sophisticated. With computer-assisted lathes not only spherical but also agpheri-
cal and torical (barrel-shaped) fittings and corrections can be made, Such torical surfaces
are more curved in one particular direction, and may correct astigmatism.

Besides corneal contact lenses, also scleral contact lenses are made. To fit these lenses,
not only the shape of the corneal surface but also the shape of the adjacent tissues (lim-
bal area and sclera) must be taken into account. This requires a topographer that can
measure the entire anterior eye surface. Today, many optometrists and ophthalmolo-
gists are looking for a device that can map the entire corneal surface and preferably also
the adjacent tissues. These requirements form the background of the present study.

1.2 Aim of the study

To develop an instrument that measures the shape from the entire anterior eye.
Measurement of irregularly shaped corneas and adjacent tissues must be possible. Data
acquisition and presentation of results should be rapid and convenient in order to allow
routine clinical application.

1.3 History of keratometry

The first "keratometers” (instruments to measure corneal curvature) were introduced in
the mid-1gth century and were based on the measurement of corneal refractive power.
Refractive power of an optical medium causes deviation in propagation direction when
a light ray passes the refractive boundary at an oblique angle, For instance, a specific
shape composed of plane surfaces is a prism. The amount of deviation measured 100
cm from a refracting prism is expressed in "prism dioptres" (1 cm deviation = 1 prism
dioptre). Another specific shape for which refractive power can be defined is a spherical
surface. A parallel beam of light can be collected by a spherical refracting surface in a
single point, the "focal point”. The refractive power of such a surface is the reciprocal of

13



Chapter 1

its “focal length” (f}, or in inverse metres called "dioptres” (D), (D = 1/f, metres)-
Conversion from height topography into Axial Radius Of Curvature {(AROC) values can
be done assuming the surface to be spherical (fig. 1.1a). The sagittal position (k-value)
on which the height is measured determines the accuracy of the estimated AROC value
and consequently dioptric value (fig. 1.1b).

A B
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Figure 1.3

a) Conversion fram height (h) and saggital value (k) into radius of curvature (r), and axial power according the
lens miakers equation (unit: m™" = Diopter, D). The errar in radius of curvature (or dioptres) depends on the
position of the measurement with respect to the axis of the optical surface. [A more accurate estimation of
the cornea’s refractive power is obtained using Snell's law. It gives for any corneal position an indication of
the first refractive surface's contribution to refraction).

b} Relation between sagittal value (k) and accuracy of estimated dioptric value with an error in axial radius of
curvature of 0.1 mm for a normal corneal surface.

A full treatment of the various optical principles and instruments used in this field is
presented in Chapter 2 of this thesis. In order to explain the aims of the studies pre-
sented in this thesis, however, we will briefly discuss two different techniques, the
Placido keratometer:, introduced more than a century ago, and the keratometer intro-
duced in 1979 by Kawara.

By considering the cornea as an optical equivalent to a spherical mirror, its radius of cur-
vature can be estimated (fig. 1.2a). In 1880 Placido introduced a disc with concentric
rings with a central hole through which he observed the image reflected by the subject's
cornea (fig.1.2b). His device, later named "Placido keratometer”, has been further devel-
oped into the computer assisted video keratometers (CAVKs) used today. However, this

14



Introduction and outline of the study

Figure 1.2

a) The principle of keratometry is based or image formation with a convex mirror. The cornea is assumed to be
a convex mirror of which the radius of curvature (r) determines the magnification (h/k') of the reflected
images. The longer the distance between the object (h) and cornea, the closer h' is located to the focal plane
of the corneal reflecting surface.

by Reflection of a Placido disc deformed due to corneal astigmatism.

specular reflection-based imaging technique has some shortcomings. The area on the
corneal surface that is mapped depends on the shape of the "stimulator” (configuration
of the light emitting pattern that is mirrored by the corneal surface) (fig. 1.3a) The sur-
face topography of the adjacent non-corneal tissues is not obtained (fig. 1.3b). Imaging
of abnormal corneas can lead to virtual images that are not properly focused due to a
lack of depth resolution or due to concave areas on the corneal surface. As a conse-
quence, the recorded image may contain unresolved or ambiguous parts.

To obtain reliable topographic data from an irregular surface, it is necessary that the sur-
face itself is imaged. This excludes most of the measurement techniques based on spec-
ular reflection, such as Placido disc-based techniques that visualizes indirect surface
properties such as the axial radius of curvature (see fig. 1.3a). The keratometer intro-

bulber

Figure 1.3

a) Principle of a Placido disc-based CAVK. The cornea's area that is mapped depends on the shape of the stim-
ulator.

b} Current Placido disc-based CAVK's map the central 8 mm of the cornea's surface. In chapter five it is shown
that the “Maastricht Shape Topographer is able to map an area of 17 mm. This includes the adjacent tisues
limbus and bulbar conjunctiva,




Chiapter 1

Figure 1.4
Two gratings with different spatial frequency cause moiré interference when superimposed.

duced by Kawara was an important step forward in this direction. Kawara made use of
"moirés", wavy patterns that appear when two periodical structures (gratings) with dif-
ferent orientations or different spatial frequencies are superimposed (fig. 1.4). This kind
of interference between gratings can be introduced by a three-dimensional object on
which a grating is projected at an angle with respect to the viewing axis. To change the
reflecting cornea into a light-emitting surface, Kawara added some fluorescein in the
lacrimal fluid of his subjects. After excitation of the fluorescein in the precorneal tear
film with a blue-coloured grating, a yellow fluorescent image is created which, after
comparison with a reference grating, visualizes a height mapping of the corneal surface.

1.4 Overview of the research, presented in this thesis

In order to satisfy the requirements outlined above, a number of fundamental proper-
ties of the technique introduced by Kawara had to be adapted, changed and evaluated.
The main aspects were:

1) Better characterization of the fluorescent dye used for imaging {Chapter 3).

2) Enlargement of the measurement field from the corneal surface to the entire anteri-
or eye, and reduction of the time required for the collection and presentation of clin-
ically relevant data (Chapter 4 and Patent description (Appendix)).

3} Evaluation of the new instrument, the "Maastricht Shape Topographer” (MST) using
phantoms (Chapter s).

4) Clinical evaluation of the MST (Chapter 6).

1.5 The fluorescent dye

The dye applicated to the cornea transforms the specular reflecting surface in a diffuse-
ly radiating one and should have a sufficient high quantum yield to enable imaging of
a fluorescent pattern in the thin tear film. It should also absorb excitation light suff-
ciently well to prevent backscatter from underlying tissues such as the iris. Several com-
mercially available fluorescent dyes were tested on yield and absorption with respect to

16



introduction and outline of the study

layer thickness and concentiration. Tests with a phantom, using saline or methylcellu-
lose as artificial tear fluid, and in vivo tests, using natural tear fluid or methylcellulose
were performed. Dependence on excitation wavelength was also tested with a phantom
as well as in vivo.

1.6 Technical adaptions of the topographer

Kawara used 35 mm photographic film on which the eye could be imaged with an ©:x
imaging ratio. The laborious procedure of taking a photograph, processing the film, and
measuring its density on a microdensitometer, can be circumvented by applying a video-
camera connected to a (personal) computer. For this a standard CCD camera can be
used. Such a camera contains about a quarter of a million pixels (picture elements).
Each has a capacity to assume 256 values the standard dynamic range of a PC connect-
ed to an imaging device. The pixel density and dynamic range is still less than available
on a 35 mm photographic film frame, resulting in diminished lateral intensity and res-
olution.

A normal corneal diameter is 12 mm. For mapping the anterior eye, a standard ¢/,'CCD
camera takes at for instance an imaging ratio of 1:3.5, a 22.4 x 16.8 mm? area. In a hor-
izontal direction, about Goo pixels are available being just enough to see Kawara's 12
Ip/mm {on a flat surface) over 22.4 mm, however with a poor Signal to Noise Ratio
(SNR). Lowering the spatial frequency of the projected fringes will increase the SNR of
the image but decrease lateral and depth resolution. Replacing the standard CCD cam-
era by a high resolution camera with for instance 1200 pixels in a horizontal direction,
exposes a physical limit to Kawara's technique.

A large depth of field requires a small aperture (the diameter of the opening that deter-
mines the light throughput of a lens), whereas, due to the wave character of light, 2 high
definition of the projected image (e.g. a fine grating pattern) can only be reached by
using a large aperture. The aperture is determined by the width of the slit in the grating
projectors (see fig. 1.5). In order to reach 2 mm depth of field, slit width has to be
restricted to 1.5 mm. In order to reach 5 micrometres depth resolution, Kawara had to
use the fine grating pattern of 12 line pairs/mm. In this situation the slit just allows pas-
sage of the zero-order and two first-order diffraction maxima, and an optimal (diffrac-
tion limited) result is obtained.

For assessment of the topography of the entire anterior eye, depth of field had to be
increased to 6 mm, while preserving the depth resolution of + 5 pm. Therefore, Kawara's
technique using projected fringes that are superimposed on a reference grating is
replaced in the "Maastricht Shape Topographer" (MST) by projection of two stereoscop-
ically projected fringe patterns. With a double flash technique, both projected sine-wave
fringes are made suitable for Fourier analysis. This configuration is shown in figure 1.6.
By superimposing the fringes, moiré contrast is also present (insert fig. 1.6) but the
moiré fringes are not used for the calculation. In contrast to the usual moiré technique,
where a shift over a full line width is the fundamental unit for height differences,
Fourier analysis can discern much smaller shifts, provided that a sufficient number of
fringes are present in the total image.

17
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Figure 1.5

Spatial filtering of a sine-wave signal. When a grating is placed in a monochromatic parallel beam of light, its
diffraction pattern will appear in the focal plane of a tranforming lens (lens 1). According to Abbe, at least two
diffraction pattern are necessary to reconstruct the grating. Consequently, when a slit is placed in the focal plane
of lens 1, its minimal width that passes information from the grating is dictated by the focal length of the lens,
the wavelength of the light used, and the spatial frequency of the grating.

Figure 1.6
Schermatic of the optical layout of the MST. Two orthoscopically projected beams form a measuring volume in
which an eye is situated. The superimposed beams form a moiré pattern resulting in height contours on the

corneal surface (insert). By applying a double flash technique, both projected fringe patterns are separately
available for Fourier analysis.
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introduction and outline of the study

In this way, relatively higher depth resolution is obtained with coarser gratings. In chap-
ters 4 and 5 it will be shown that by applying this technique, the 36 x 24 mm? photo-
graphic negative used by Kawara could be replaced by a CCD camera with a 6.4 x 4.8
mm? target with 603 x 575 pixels to reconstruct the shape of the anterior eye with a lat-
itude in depth of 6 mm and a depth resolution of + 5 um.

1.7 Technical validation of the MST

Using fluorescent bispherical shapes as a surrogate for the anterior eye, the MST is test-
ed on accuracy and reproducibility of its height measurements. This is described in
Chapter 5, also presenting parametrical data (Axial Radius Of Curvature, or AROQC val-
ues) in order to facilitate comparison with existing measurement techniques.
Conversion from height topography into AROC values can be done assuming the sur-
face to be spherical (fig. 1.1a)

The meridians (cross-sections) obtained with the MST are about 17 mm long.
Remarkably, the meridian obtained from an anterior eye in vivo is quite different from
the meridian obtained from the surrogate. The in vivo meridian is composed of a cross
section of which the slope has no discontinuities in the limbal area. The entire anterior
eye could be better described as an aspherical surface.

1.8 Clinical evaluation of the MST

A clinical evaluation of the MST has been performed at 5t Thomas' Hospital in London,
UK and is described in chapter six. Measurements were carried out on patients with
corneal pathologies and patients who underwent photorefractive surgery. The measure-
ments were made with both the MST and a commercially available Placido disc-based
Computer-Assisted VideoKeratoscope (CAVK). Advantages of the MST over the Placido
disc-based CAVK were demonstrated in a detailed analysis of three patients. However,
there were also problems typical for fluorescence-based corneal topography. For
instance, the predominantly blue-eyed British patients produced an image-disturbing
backscatter of blue excitation light. By replacing the (visible) moiré-based focusing and
alignment light by an infrared radiation-based device, pupillary constriction could be
avoided and backscatter was reduced to acceptable levels. This evaluation yielded a vari-
ety of suggestions for improvements of the MST. Some improvements were realized
during the evaluation, other modifications were implemented in the commercial ver-
sion of the MST, the "Euclid ET-800". Moreover, some preliminary results of other clin-
ical evaluations have been added to this chapter.

References
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Review and Classification of Corneal Topographers

2.1 Abstract

Corneal topography has, due to developments in refractive surgery and contact lens fit-
ting, become a widely used diagnostic tool. Many types of topographers have been intro-
duced, but there is some confusion on classification and subsequent principle possibil-
ities of the various devices offered to the practitioner. The purpose of the study reported
here was to make an inventory of developed devices, analyse the basic principles and
create a classification based on optical principles. A literature search was done using
Medline, the IBM Patent Server, and references found in articles and patents. This
search resulted in a variety of descriptions that could be classified into 12 groups accord-
ing to their use of light source and light-matter interaction of which 4 groups have rep-
resentatives on the commercial market. This classification can be used by researchers
and practitioners to gain insight into the possibilities of a given device in relation to the
desired application.

Keywords: Corneal topography; Fluorescence; Holography; Interferometry; Moiré;
Partial coherence

Table 1. List of symbols and subscrips

Symbol/subscript Meaning

CAVK Computer Assisted Video Keratometer

CcCh Charge Coupled Device, a light-sensitive chip used in miniature video cameras

LED Light Emitting Diode

mire Light emitting pattern of which the reflection on the corneal surface is used to esti-
mate the corneal radius of curvature

moiré Pattern that can appear when two periodic patterns are superimposed (fig. 2.7)

NA Numerical Aperture, the half angle of the cone of light accepted by the objective
lens

PC Personal Computer

Placido disc A flat disc with concentric black and white circles

Purkinje image Virtual image, seen when a pattern is reflected by the eye

TGl Twyman-Green Interferometer

2.2 History of corneal topography

For centuries ophthalmologist, optometrist, and others involved in eye care, have been
using the first refractive surface of the eye to cobtain a qualitative impression of the
integrity of the cornea. This simple diagnostic tool is based on the fact that the bound-
ary air-precorneal tear film acts as a mirror.

The basis for quantitative corneal topography was described by Helmholtz:, Placidos and
Gullstrands in the 1gth century. Helmholtz measured the local slope of the cornea by
observing the reflection of a pair of objects positioned at a known place with respect to
the subject's eye. The virtual image obtained in this way is called "first Purkinje image".
{Table 1 lists terms and symbols referred to in this review.)
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Figure 2.1

Thge principle of keratometry is based on image formation with a convex mirror. The carnea is assumed to be 2
convex mirror of which the radius of curvature (R) determines the magnification (h/h’) of the reflected images.
The longer the distance between the object (h) and cornea, the closer b’ is located to the focal plane of the
corneal reflecting surface,

By considering the cornea as an optical equivalent to a spherical mirror its radius of cur-
vature can be estimated (fig. 2.1). Javal (1889) designed an instrument in which the
objects could be rotated around the optical axis. In this way it is possible to find the ori-
entation of the steepest and flattest radius of curvature, the so-called “"principle meridi-
ans” of the cornea. Although Javal called it "ophthalmometry", this technique is known,
as "keratometry”. Instead of pairs of small objects, Placido: used a disc with concentric
rings with a central hole through which he observed the image reflected by the subject's
eye. This extended the observation to more meridians, and it covers an area rather than
two or more points on the cornea. With this simple but ingenious invention, the practi-
tioner is able to make a qualitative diagnosis of corneal irregularities, and very impor-
tantly, corneal astigmatism (fig. 2.2). Gullstrand: took a major step in quantification of
corneal topography by placing a photographic camera in the central hole of the Placido
disc. Measuring the size of the rings on the photographs, enabled Gulistrand to estimate
the corneal radius of curvature quantitatively. A century after the invention of photog-
raphy, the first television was developed leading to the small and cheap Charge Coupled
Device (CCD} television systems that are common today. The modern personal com-
puter has had a comparable history. Coupling these two devices has made it possible to
collect and process a quarter of a million data in a very short time. After the develop-
ment of algorithms for surface reconstruction and translation of the acquired image
into clinical relevant data in the 198os+6, the Computer Assisted Video Keratometer
{CAVK]) was born.

Today many CAVKs exist but most of them are still based on the old Placido disc prin-
ciple. The inherent limitations of imaging by specular reflection led to the development
of alternatives. These alternatives, utilize for instance the light scattering properties of
the corneal tissue or alter the specularly reflecting surface of the precorneal tear film in
a fluorescent layer that do not contain the directional information of the impinging
light, open new possibilities but also introduce other limitations. This has led to a some-
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Review and Classification of Corneal Topographers

Figure 2.2 Reflection of a Placido disc deformed due to corneal astigmatism.

what confusing situation where it is not always possible for the user to link modalities
of a given device to what is desired in research or in the clinic.

2.3 Purpose and methods

The aim in the present study was to provide more insight into the possibilities and lim-
itations of devices for corneal topography. To do so, we first made an inventory of devices
described in the literature and in patents. Second we looked for an adequate parameter
to classify the devices found. Then we compared technical potential of the various
devices within the groups.

To avoid confusing the reader, we describe the results of this search on the basis of the
classification system developed. The first part of the results section is dedicated to an
explanation of the classification system, followed by a description of major groups with
subgroups. At the end of each group we specify in detail the technical potential of the
group and particular devices within the group.

2.4 Results

2.4.1 Literature search

Corneal topography has led to the publication of a vast number of papers. Most of these
were not suitable for our purpose since they were more concerned with clinical appli-
cation than technical description. Only a limited number of papers linked technical pos-
sibilities and clinical application. The search for articles that could be used in the pre-
sent study yielded 50 papers. Patents are much easier to handle from a technical point
of view but results of clinical application are not given. We found 18 patents relating to
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the subject. In total, information on 24 devices based upon essentially different princi-
ples was found.

2.4.2 Classification v

The analysis of the designs to map the corneal surface optically revealed a tight coupling
between the light source(s) and the optics of the receiving part. This principle underlying
the design of all devices is, therefore, used to set up our classification system. It was found
that all devices would fit into a system which makes a discrimination between the combi-
nation of light source used and light-matter interaction.

The parameters given in the literature descriptions of the keratometers yielded a classifi-
cation of 12 modalities as shown in Table 2. The light source may be a light-emitting
object (0), e.g. a Placido disc, or a projected image (P1). The light used can be incoherent
(IN) or coherent (CO). The light-matter interaction results in specular reflection (SP),
Scattering (SA), diffuse reflection (DIF), Shadow projection (SH) or a combination
(SP/DIF). For example, in Table 2 the Placido disc-based CAVK is labelled "OSPIN",
Feasibility, experimental and/or commercial availability for each group is given in Table 3.

Table 2. Classification

Light-matter INcoherent (IN) COherent (CO)
interaction

Light-emitting object (O) e.g. back lightened transparant

SPecular (SP) OSPIN n.a.
Projected image (PI)

SPecular (SP) PISPIN PISPCO
ScAtter (SA) PISAIN PISACO
DIFfuse (DIF) PIDIFIN PIDIFCO
SHadow (SH) PISHIN PISHCO
SP/DIF PISPDIFIN PISPDIFCO

2.4.2.1 Light-emitting Object/SPecularf{INcoherent [OSPIN)

The use of specular reflection is the oldest technique for comeal mapping. In keratom-
etry, the reflected image of small light-emitting targets, usually called "mires", formed
by the anterior surface of the cornea is used to determine the outer corneal radius for
one meridian. This is established by measuring the size of the specularly reflected
image of the targets. (fig. 2.1)7. By rotating the instrument about its optical axis, the prin-
cipal meridians can be found. Present-day keratometers observe the virtual image at
infinity by using a telescopic configuration of the objective. The angle between the
incoming ray from the mires and the reflected ray from the cornea, called "collimator
angle”, is normally about 17°. However, some autokeratometers work with different col-
limator angles in order to measure the asphericity along meridians. The same can be
accomplished by using off-axis fixation targets, to induce rotation of the eye over a
known anglese, Instead of two mires, a ring-shaped configuration of mires can be used
to obtain information on several meridians without rotating the instrument. The modi-
fied Placido disc consisting of concentric light-emitting rings led eventually to mea-

26



Review and Classification of Corneal Topographers

surements based on local radii of curvatures.

The power of a cornea as a refracting surface is generally expressed in diopters (D). D =
metres (D = 1{f}, . es). Even today there is still debate in the literature about the prop-
er figure to be used for refractive index (n). One could use 1.33 being close to water or
tear fluid, or 1.376 being the average for the corneal tissue. The selection depends on the
purpose to calculate curvature to optical power. Generally, 1.3375 has been taken as the
figure in keratometry.

Consequently, by using the radius of curvature (r) in metres for corneal power calcula-
tion, the formula D = {n-1}/1, can be substituted simply by Dy ipea = 0-3375/L

Scanning and point measuring devices

In the Troutman surgical keratometern, the target consists of 12 equally spaced mires.
The surgeon can estimate the corneal refractive power by means of the first Purkinje
irnage of the 12 mires by looking through a special eyepiece which includes a measur-
ing reticule, called “comparator" {fig. 2.3).

A computerized surgical keratometer was developed by Feldon et al.2, This system
makes use of a light-emitting ring as an optical stimulator to obtain a Purkinje image
from the surface of the eye. The ring is coaxially aligned with respect to the centre point
of the entrance pupil of an operating microscope. Keratometric values of the cornea can
be estimated by the signals of a number of Light-Emitting Diodes (LEDs) that can be
activated individually. As the LEDs are equally spaced at 10° or 5° radial positions on the
light ring, 36 or 72 keratometric values can be measured sequentially by activating the
appropriate pair of LEDs. For that, a rather complex light guiding system of prisms and

Comparator Astigmatic

Figure 2.3

Keratometer after Troutman et al. The image of the 12 light-emitting diodes in the stimulator is specularly
reflected by the corneal surface and re-imaged on a reference target (cornparator). The optical power of a cornea
is normally expressed in diopters (D). Normal eyes are in the range of 42 to 45 D. A flat cornea can have a power
smaller than 42 D and a “steep” (having a short radius of curvature) cornea will have a power exeeding 45 D.
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lenses has to be positioned in the optical axis of the surgical microscope. Each mea-
surement contains the peak-to-peak distance of the mirrored LEDs. The collected data
are stored in 2 RAM that thus contains information about maximum and minimum val-
ues of peak-to-peak distance and their corresponding axes (corneal astigmatism and
axis). Subsequently, corneal curvature or dioptric values are calculated by a micro-
Processor.

In a configuration described by Nakamura and Yanos, the directions of view of the sur-
gical {stereo) microscope and keratometer are chosen to be coincident (fig. 2.4). During
focusing for the measurement, only the Purkinje image from the ring-shaped mire (M2)
ig visible. Therefore, the corneal reflection image of the illuminating light source from
the surgical microscope is suppressed. After the Purkinje image of M2 is focused, a
short flash with the circular flash lamp (M1), acting as a mire, is given. The sensor con-
sists of three linear CCD arrays oriented in meridian directions which intersect one
another at 6o® crossing through the optical axis. The mire image is reflected by the
beam splitter (BS) and optically divided by two half-mirrors (HM) to be imaged on the
three linear CCD sensors (L1, L2, and L3). The shape of the mire image is detected by
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Figure 2.4

Schematic view of the computerised keratometer after Nakamura and Yano, attached to a surgical microscope.
The device works with a mire (M1) and a ring stroboscope (M2} to freeze movements during each measure-
ment. A chopper (C) prevents interference between microscope illumination and the measurements. L1, L2, and
L3 are linear CCD arrays for measurements i three meridians which intersect one another at 6oo relative to a
point on the optical axis. A diagram of the electrical signal vs distance is given in the insert.
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the coordinates of points of intersection. In this way each array detects the position of
two points that is used to estimate the keratometric value of the corresponding meridi-
an. By substituting the coordinates of the three pairs of points (insert fig. 2.4), a gener-
al equation is obtained and solved by a microprocessor yielding curvatures, refractive
power and degree of astigmatism of the cornea.

Keratometers, belonging to this subgroup, can measure any number of meridians.
However, the curvature of each meridian is estimated on the basis of discrete point mea-
surements.

Snap shot devices

A huge number of simultaneous measurements can be obtained by using a mire con-
sisting of concentric rings rather than point-like structures. To avoid movement arti-
facts, the "picture” can be taken by a single short exposure {"snap shot") rather than by
scanning.

Placido disc technigues

In Placido disc-based devices, light-emitting Placido rings are used. The objective lens
of the recording system, centrally positioned in the Placido disc, only receives rays that
are parallels or nearly parallel to its optical axis. In order to increase the field of view
without changing the restricted entrance pupil of the receiving lens, the flat illuminat-
ed Placido disc was transformed in a conical light-emitting stimulator by Dekking in
1g930%5, In present-day devices spherical, ellipsoidal, or cylindrical stimulators are also
used to increase the area measured. As the three-dimensional shape of the Purkinje
image depends on the shape of cornea and stimulator, even a stimulator with the shape
of a cigar was proposed to get a flat Purkinje image. The photographic trendsetters for
the modern devices, such as the Nidek Model PKS 1000 or the Corneascope, enabled
clinicians to examine, on a qualitative basis, disorders such as moderately advanced ker-
atoconus or severe (irregular) astigmatism. Unfortunately, its sensitivity to corneal
astigmatism is limited to about 3 Dvz, A much higher sensitivity and accuracy is obtained
in present-day Placido disc-based CAVKs. In these devices, a CCD camera is placed in
the centre of the stimulator to capture the reflected image of the mires. The camera is
connected to a personal computer for analysing the data. CAVKs offer colour-coded
maps in which axial power is indicated either representing surface areas of which the
centre of curvature lies on the keratoscopic axis (fig. 2.5a), or as local curvature. In the
latter case the centre of radius of curvature of the indicated area is related to either the
keratoscopic axis or the best fit spheres fitting to the local characteristics (fig. 2.5b).
Together with the coloured map, data concerning the value of the local radius, the posi-
tion in degrees of the meridian or location in millimetres from the center can also be
extracted using a cursor. Programs for simulated fluorescein maps for contact lens fit-
ting, topographic 3-D and height maps and so on have been developed. A variety of
bocks have been published explaining how to learn to read and interpret these corneal
maps7¥, The first CAVK was the Corneal Modeling System {CMS, now TMS-2)gae,
soon followed by the EyeSys from Corneal Analysis System (CAS)4, the Alcon Eye Map
EH 270#, the Humphrey MasterVues, the Optikon Keratron=, the TechnoMed C-
Scanz, and the Topcon CM-1000%. With the manufacture of many other devices that
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Figure 2.5

Placido disc-based CAVK map of an eye with astigmatism. The curvature is given in dioptric units in 0.25D con-
tours of axial curvature, called “saggittal” curvature {A), and local curvature, called “tangential” curvature (B).
A and B represent maps of the same eye. (At some places, the axes of astigmatism are not perpendicularly ori-
ented and consequently do not satisfy the definition “astigmatism”, howewer, this kind of optical defect is by
ophthalmologist referred to as “irregular astigmatism".}

followed, Placido disc-based CAVKs today cover more than go% of the market for com-
puter-assisted corneal analysing systems.

Technical potential of OSPIN

The primary information obtained by specular reflection-based incoherent light tech-
nologies is information about the local slope.

Troutman's surgical keratometer measures 12 points simultaneously. It has the advan-
tage of simplicity. Seanning devices are suitable for intraoperative inspection as they can
be mounted on a surgical microscope. The measurement takes some time but this is not
a problem in an anaesthetized eye. Movement artefacts may obscure the measurements
in a non-anaesthetized eye. From an optical point of view, the more complex configura-
tions are interesting for their sophistication. However, they are not practical as accuracy
is limited in intraoperative keratometry. For example, it is not possible for the patient to
cooperate by aligning his visual axis with the optical axis of the keratometer. The pre-
corneal tear film is often disturbed or absent (e.g. in laser ablation surgery) and lid
speculum and decompression of the eye can affect the shape of the cornea.

In clinical practice one needs a device that combines high accuracy with fast measure-
ments, These requirements can be fulfilled in most circumstances by the Placido disc-
based CAVK. These CAVKs are commercially available and have become a widely
accepted clinical tool. They offer a wealth of clinical relevant information. Accurate
reconstruction of any sufficiently smooth corneal surface is possible:¢. Progress in data-
analysing calculations is frequently reporteds=s. Nevertheless, a weak point of these
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reflection-based devices is that considerable loss of data does occur as the Purkinje
image can be distorted in the case of irregular corneas (fig. 2.6a). Due to the shape of
the current Placido stimulators only a limited part of the cornea can be measured. The
radius of curvature of the corneal surface determines the size of the image that can be
focused (fig. 2.6b). For applications in which the shape rather than the optical proper-
ties of the corneal surface needs to be known, many researchers have developed alter-

natives in an attempt to beat the Placido disc-based CAVK on the weak points men-
tioned.

Figure 2.6

a) Placido disc photograph from a cornea with an irregular corneal surface. Quantitative interpretation of this
distorted image is difficult if not impossible.

b} Placido disc photograph from a cornea with a very steep apex, a flat superior part and a steep inferior part
{keratoconus).

2.4.2.2 Projected Image/SPecular/INcoherent (PISPIN)

Fujii et al.=8 arranged a series of collimated light beams in a semicircle to acquire 18 dis-
crete slope values. The Purkinje images of these reflected beams on the corneal surface
were photographed to reconstruct one meridian.

Mairé technigues

Instead of using a light-emitting Placido stimulator, concentric rings can be projected
on the corneal surface. After specular reflection, the projected rings are re-imaged on a
reference target. In this way a "moiré" contrast image can be obtained.

The word "moiré” means "a watered or wavy appearance”ze. Moiré interference occurs
when periodic structures are superimposed at different orientations. When these grat-
ings are viewed against a light background, dark fringes can be observed (fig. 2.7}, An
or-axis projection and viewing eye topographer, using moiré contrast between the pro-
jected image and a reference image to visualize lines of equal slope, was described in
19653, The projection and re-imaging part of the device works on-axis by using the
same objective for both tasks. The images are superimposed by using a half-silvered
mirror for combining projection- and viewing-axis,

Mandells also described a technique using moiré patterns in 1966. Adachi et al.3» devel-
oped a computerized specular reflection-based moiré device. This device was designed
to measure the corneal as well as the limbal contour. (The limbus forms the transition
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Figure 2.7
Moiré pattern composed of a sine wave and a linear grating.

area between cornea and sclera.) As the area on which the target is reflected depends on
the aperture of the optics of the device, a NA=0.6 projection and receiving objective was
used. (The "NA" or "Numerical Aperture" of a objective indicates the sinus value of the
half angle of the cone of light accepted by the objective lens.} By placing the fixation
point off-centre, the area of the eye that is measured can be extended to 14 mm diame-
ter. To compensate for the small depth of field due to the hight NA used, the stimulator
surface and a fibre plate, acting as a reference grating, are curved as a conjugate of a
spherical curvature with a r=7.5 mm. The moiré pattern contains a transverse line pat-
tern indicating the differences between the actual corneal and the 7.5 mm spherical ref-
erence curvature.

Technical potential of PISPIN

The projection device from Fujii et al.28 yields 18 discrete data to reconstruct a single
meridian. By replacing the photographic film by a CCD-camera interfaced with a PC, the
restricted amount of measuring points facilitates real-time measurements. However,
uging this principle to acquire 2-D measurements, requires a complex configuration.
The moiré keratometer is a snap shot device and is consequently a potential candidate
for the clinical office. This device can produce measurements of the central part of the
corneal surface. However, no commercial versions of these devices are known by the
authors of this article.

2.4.2.3 Projected Image/Specular/COherent (PISPCO)

For specific applications, a laser offers an adequate light source. For instance, a He-Ne
laser can be used when a diffraction limited point source is needed. The temporal coher-
ence makes the laser an ideal source for interferometry.

Strictly speaking, generally there is no difference between the light - matter interaction
of coherent and incoherent light. However, in an interferometric set-up the observer
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sees a difference. With coherent light, absolute values for the radius of curvature or local
height can be obtained when the distance between eye and camera is known by com-
paring a wavefront with a substantially error-free flat reference waves.

Deflection technigues

Billes+ described a device for mapping corneal topography in which aberrations on the
cornea are mapped against a spherical surface. A beam of laser light is focused toward
the cormea as a converging spherical wavefront. The light reflected from the spherical
part of the cornea is again collimated by the focusing lens. The deviations that are pre-
sent in the collimated beam (caused by deformations of the corneal surface) are visual-
ized with an image dissection technique comparable with that in high speed photogra-
physs. (Presently this technique is referred to as "wave front sensing”). A matrix of focus-
ing lenses is made by a sandwich of two layers composed of juxtaposed cylindrical lens-
es. The longitudinal axes of the lenses of the first layer are perpendicularly positioned
with respect to the longitudinal axes of the lenses of the second layer. The matrix of foci
indicate whether the incident rays are parallel or not. In this way the local slope of the
corneal surface is mapped. (Today, one would use an array of lenses rather than crossed
cylindrical lenses}.

Interferometric techniques

Hochbergs¢ described a method for extracting "long-equivalent wavelength” {notation of
Hochberg) interferometric information to obtain the surface topography of a cornea.
Interferometric comparison of a flat wavefront with a curved wavefront (due to the
corneal surface) yields detailed information about the surface topography of the eye.
However, there are only adequate sensors for visible and near-infrared light. An inter-
ferogram made with this kind of radiation is difficult to store due to the tremendous
quantity of fringes. By using a two-wavelength interferometer the frequency beat of two
frequencies from the visible spectrum can be applied as a long-equivalent wavelength.
The basic principle of two-wavelength interferometry is that a phase beat is generated
when waves with a different wave length travel a certain distances. When, for example,
the two laser lines at 514nm and 488nm from an Argon laser are applied, a destructive
interference results after about ten wavelengths, a constructive interference after about
20 wavelengths. For these two lines, a beat is produced at every (514x488nm)/(s14-
488nm)=g648nm. As the light travels twice the distance, the reflected interference pat-
tern has a fringe value of half that value. This "long-equivalent wavelength" can be
extracted when the two-frequency interferogram is recorded on a non-linearly respond-
ing high resolution photographic film.

Photographic films act as a low-pass spatial filter. The spatial modulation transfer char-
acteristics, which indicate the effects on the microstructure of the image caused by dif-
fusion of light within the emulsion, decrease in amplitude at higher spatial frequen-
cies¥® (see insert fig. 2.8).

Hence, the envelope of the beat pattern forms a better modulated frequency than the
high frequency carrier wave. In a second step this film is spatially filtered. As the inten-
sity of the diffraction pattern in the spatial filtering depends on the modulation of the
photographic image, the envelope of the frequency beat dominates, and forms the
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Block diagram of an aspheric testing scheme after Hochberg. The two-wavelength interferogram is recorded on
a high resolution film (A) and optically filtered to obtain the low frequency component (envelope of the fre-
quency beat of the two wavelengths) on the sensor (B). The lines of equal height obtained can be subsequent-
ly processed for reconstructing the features of the measured surface.

"long-equivalent wavelength” (fig. 2.8). This long-equivalent wavelength interferogram
can be recorded on a normal CCD-camera and fed into a PC for further (digital) pro-
cessing.

Another way to reduce the quantity of fringes is to compare two curved wavefronts. This
technique was applied by Kasprzak et aby. They used a Twyman-Green Interferometer
(TGI) to obtain real-time subtraction interferograms from the human cornea in vivo
with a best fit sphere. A HeNe laser at a 632.8 nm wavelength is used as a light source.
By converging the laserbeam on the corneal surface, a range of spherical wavefronts are
thus available as a reference. Recordings are made at a position of the eye where the
minimum of fringes is observed. In this way the fine corneal topography in a 5 mm area
can be measured. The absolute value of the corneal curvature can be estimated with an
accuracy equal to that to which the distance from the subject's eye to interferometer is
known. To obtain an implicit measurement of the distance, Jongsma et al+ used
infrared light with a coherence length of about 30 um in a TGI similar to Kasprzak et
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al.'s configuration. Instead of a flat reference mirror, they used a spherical reference
rirror with a radius of curvature of 7.5mm. In this way the radius of curvature of the
cornea can be visualized as an interferogram with fringes showing the difference
between the 7.5mm sphere and the actual curvature of the corneal surface. The radius
of curvature can be estimated with an accuracy that is determined by the coherence
length of the light used.

Hochberg and Baroth+ used a TGI with a white light source and estimated the local
height by spectral analysis of the polychromatic interference pattern.

Hellmuth and Weis: described a raster scanning technique that also used partially
coherent light. An infrared super luminescent diode beam is collimated and projected
on the eye and a helical reference mirror. By rotating the helical mirror, the reference
arm length of the interferometer is changed periodically. Transverse scanning of the col-
limated beam is done by two orthogonally positioned scanner mirrors which are mount-
ed on a pair of galvanometers for rotation. Local height is measured by matching the
object beam length with the reference beam length, using the interference beat as a
length mark.

Holographic technigues

The holographic technique facilitates interferometry as it works with two mutually
coherent beams. [n this way sub pm sensitivity to height variations can be obtained. For
example, an interferogram can be obtained by comparing the object beam from a sub-
ject's cornea in its initial state with the object beam from the cornea after a change. This
can be accomplished by a double exposure technique or with real-time holographic
interferometry. In this way a stress test analysis using the intra-ocular pressure differ-
ence after a heart beat was used to detect structurally weak areas in the cornea. A weak-
ened region of a wound that stretches only 1 pm could be easily detecteds:.

Besides these differential measurements that may be helpful in the diagnosis of corneal
alterations under a load, a topographic contour analysis of a cornea can also be obtained
in a holographic way using a two-wavelength techniquew. The phase beat, which is gen-
erated when the reconstructed waves travel a certain distance, can be used to visualize
contours of equal height. In 1977, Politch4 described a system and method to obtain
contour fringes from a living human cornea by applying a two-wavelength technique.
The Argon laser lines 514 and 488nm were used. When a cornea is placed in a conver-
gent beam from the interferometric device at a distance where the curvatures of wave-
front and cornea match, the non-sphericity of the cornea is visualized in the holograph-
ic reconstruction at contour intervals of 4.8 pm. A commercialized version using this
technology was developed by Kera Metrics Corp.

Technical potential of PISPCO

In contrast to the OSPIN techniques, this specular reflection-based technique reveals
either the local slope or the local height (or local height difference). When only the spa-
tial coherence is used (to obtain a diffraction limited spot), as Bille did in his deflection
technique, the local slope is mapped. However, when the temporal coherence also plays
a role, the wavelength of the light used acts as a yardstick to measure the distance from
corneal surface to a reference plane and consequently the local height is mapped.
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Bille's design is an interesting alternative to Placido disc-based measurements as the
deflection is measured in two directions with a good SNR. The precise localisation of the
foci on the sensor might be solved with Position Sensitive Detectors (PSD's).
Interferometric laser technologies can yield height information with a sub um accura-
cy. To reduce the amount of data, subtraction of a spherical shape can be done. In fact,
the actual shape is compared with a spherical wavefront travelling from a point source.
Hence this wavefront has a place-dependent radius of curvature. Due to this subtraction,
radiug of curvature values can only be obtained if the precise position of the subject's
eye with respect to the taking lens is known.

Instead of subtraction by using a curved wavefront, a two-wavelength technique with
collimated beams can be used to reduce the amount of data with respect to visible light
interferometry. Due to the spatial invariance of flat wavefronts, absolute height data can
be obtained. However, even with a 10 um long-equivalent wavelength as proposed by
Hochberg an entire corneal surface will be mapped with about 500 contour fringes. Its
holographic equivalent, proposed by Politch, is a parametric measurement. [t reveals the
differential contour lines of the corneal surface compared with the surface of a sphere
of unknown radius of curvature. By using partially coherent light as proposed by
Jongsma et al.4e, the position of the eye is known to a high degree of precision and hence
its radius of curvature can be estimated. What the interferometric and holographic tech-
niques have in common is that they are based on the projection of, in general, a colli-
mated or convergent beam of coherent light. Although the primary information is
height information, the local slope on the cornea plays an important role. Reflection at
irregular corneas, which cause strong deviations of direction, may not pass the entrance
pupil of the sensor, resulting in recordings of poor quality. Alignment in interferomet-
ric technologies yielding local height information is critical. A much less critical align-
ment was demonstrated in an in vivo precorneal tear film study by Licznerski et al.4s
introducing an optical wedge in a Twyman-Green interferometer. Through this "lateral
shearing technique" alignment is much less critical but at the cost of loss of sensitivity.
In sum, the accuracy of height measuring interference techniques for in vive applica-
tions is not as high as generally assumed. Biological surfaces, such as the corneal sur-
face, can deform the reflected wavefront considerably. Confusion in regard to the inter-
pretation of the interferogram arises when the plane of cbservation is not conjugate
with the surface studied. The principle problem here is that the wavefront shape
changes as the wavefront travels+¢. Such a confusion can, in a limited way, be avoided in
holographic measurements. At irregular corneal surfaces the reflected wave can be so
distorted that it does not focus within the pupil of the imaging system. By applying a
holographic speckle interferometry technique, such a cornea could be illuminated by a
diffuser that is coherently illuminated by a laser. This diffuser, acting as an extended
light source, prevents some parts of the corneal surface being "in shadow" with respect
to the point of observation. The characteristics of the interference then change from
unlocalized fringes to the localized fringes obtained with an extended sources.
However, holographic configurations are complex and consequently expensive.

36




Review and Classification of Corneal Topographers

2.4.2.4. Projected Image/ScAttering/iNcoherent (PISAIN)

Profile photography

Mandell appears to be one of the early workers who developed alternatives to the Placido
disc-based systems. In 1961 he gave a detailed report on profile photography with a slit-
lamp illumination system based on Rayleigh scattering in the anterior eye tissuesss. A
computerised version of the slit-lamp illumination system was developed by Orbtek Inc.
The "Orbscan” device is not only a real corneal topographer (measuring height, pre-
sented in Cartesian coordinates, instead of slope, presented in polar coordinates), but
also incorporates a pachymeterssse. It utilizes a series of sequentially projected pairs of
glits as a "Scheimpflug corrected"s optical sectioning of the corneal tissues.

The "Scheimpflug correction" is an optical technique to provide critical focus for all
illuminated portions of the cornea. This principle states that if a tilted object plane (8)
at object distance intersects at one point (R) with the tilted lens plane and the projection
plane (located at imaging distance), the entire tilted object plane will be conjugated to
the projection plane, and consequently sharply focused in the image plane (fig. 2.9). If
the projection screen is not flat but for example convex, the surface of this convex cur-
vature must be inside the focusing volume of the camera. The focusing volume is deter-
mined by the depth of field of the imaging lens.

Scattering in the corneal tissue is used for imaging of the corneal contours. The
Purkinje images that are formed at each optical surface are used for alignment and as
compensation parameters for eye movement during the scanning process. Purkinje
images are formed due to the reflection not only on the air-tear film boundary, but also,
although with much weaker contrast, on the posterior corneal surface or the lens sur-
facessz.
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Figure 2.9
Schematic view of a Scheimpflug correction. The tilted object plane (S} is conjugated to the projection plane
when the tilted lens plane meets object plane and projection plane at the same point (R).
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Technical potential of PISAIN

Profile technologies based on scattering are often used for standard clinical examina-
tions. Most qualitative direct observations are done with a normal slit lamp or bio-micro-
scope. An advantage of these technologies is that they measure the real surface instead
of a virtual image and that they measure the corneal thickness as well. There are no
problems with irregular surfaces or scattering surfaces {e.g. as are present with dry
eyes). A disadvantage is that these technologies require a series of measurements to
map the entire corneal surface. A very sophisticated scattering-based CAVK, using a
short data collecting time, the "ORBSCAN", is commercially available for use both as a
surgical keratometer and as a keratometer for the clinical office.

2.4.2.5 Projected Image/ScAttering/COherent [PISACO)

An intriguing technology, developed by Soroko, combines coherent projection and
detection method with measuring the scattering in a point on the optical axis of a con-
focal observation systems. The axial intensity modulation is obtained by applying the
interference pattern of two mutually coherent and coaxial beams that are oriented
obliquely with respect to the observation axis of the device.

The Rayleigh scatter of the illuminated part of the reflecting surface of the eye is
scanned and only transmitted at a point on the optical axis of the detection system that
is confocally focused in a point photodetectorss. A disadvantage of the configuration
described is that the object profile must be smooth. Discontinuities of the surface can
induce ambiguities in the interpretation of the output signals. By applying two mutual-
ly coherent beams with different vergencies (either convergent or divergent), the angle
between the two wavefronts varies along the observation axis of the device (fig. 2.10).

Ly

wavefront L,

wavefront L,

Figure 2.70

Interference pattern of two mutually coherent beams (L3, 12) with different vergencies. The spatial intensity
modulation varies along the optical axis (Z).
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Hence the longitudinal modulation that yields the signal varies during travel along the
optical axis of the devicess. This enables one to discriminate structures along the optical
axis of the detector.

Technical potential of PISACO

Soroko's devices were developed for surgical microscopes. Scatter-based reflection tech-
niques do not depend on a precorneal tear film and are therefore not prone to the dis-
turbances that can deteriorate the images of specular reflection-based systems. Soroko's
device may be useful in modern photorefractive surgery where the target area on the
corneal surface is "dry". It is not clear whether these devices can also be used in other
circumstances. The data collection time is about 10 ms, short enough to freeze eye
movement of an awake patient. The combination of coherent projection and

scattering looks promising. Unfortunately, to the authors' best knowlege, no clinical
evaluation has been performed.

2.4.2.6. Projected Image/DIFfuse/INcoherent (PIDIFIN)

Fringes projected on a diffusely reflecting surface are distorted by the surface curvature
when the axis of observation is different from the axis of projection. This distortion of
the fringes is a measure of the local height of the surface.

Stereo photogrammetry

In 1965 Friedberg and Dimond described a method for stereo photogrammetry of the
surface contours of an eye to be fitted with a contact lenssé. They transformed the spec-
ular reflecting corneal surface in a "Lambertian" (a perfectly diffusing) surface by
adding a biological fluorescent stain to the precorneal tear film. To obtain randomly scat-
tered photons, the energy of the photon was affected ("inelastic scattering”). Some fluo-
rescent molecules can act as an effective inelastic scattering medium. Friedberg and
Dimond obtained such a medium by instilling fluorescein in the precorneal tear film. It
was possible to put the invention into practice by using a conventional slide projector
that projects a blue pattern to excite a fluorescent image on the surface to be measured.
This fluorecent image, that follows the curvature of the surface, was photographed in
three dimensions with a stereo camera.

Raster photogrammetry

About 20 years after Friedberg and Dimond described their system, it was modified into
a raster photography systermn by Warnicld et al.6s7 and Cambier and Strodss®, This led to
several patents and a commercial version, the "PAR Corneal Topography System”so. The
PAR system is a biostereormetrical device using raster photogramimetry to obtain a real
topographic mapping of the entire corneal surfacese. This device is mounted on a mod-
ified stereo biomicroscope (slit lamp). One side of the stereo device is modified to sup-
port a grid projection system for projection of a raster on the corneal surface consisting
of horizontal and vertical lines about 200 pm apart. The other side comprises a video
camera and optics that are aligned with a support for a head and chin rest. A personal
computer connected to the video camera is used to reconstruct the topography of the
cornea.
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As this raster photogrammetry CAVK is based on a single flash exposure technique,
thus reducing the risk of movement artefacts greatly, it is adaptable to different clinical
environments. This technique requires no precise spatial alignment for accurate recon-
struction of the corneal topography®:.

Phase shifting techniques

Lange and Thall described a method and apparatus for measuring corneal topography
based on diffuse reflectionsz. They found an alternative to fluorescein as a diffusing
agent. A thin white teflon tape, cut into small circles having the same diameter as the
cornea or a part of the cornea, served as a diffusing membrane. The method is claimed
to be effective intraoperatively when used in conjunction with a fringe contouring device
described by Lange entitled "Phase shifting device and method"s:. Phase shifting is a
well-known technique in interferometry to obtain a sub-wavelength accuracy. However,
this technique can also be used in a non-coherent light set-up. By projecting a sine wave
grating and displacing the projector slide a fraction of a contour interval between each
measurement, the same kind of information is obtainedés. The method needs a series
of exposures with a known phase shift of the projected gratings and is therefore only
suitable for an immobilized eye as is present during surgical procedures. Windecker
and Tiziani developed an accurate phase evaluation algorithm by combining a temporal
algorithm with a spatial algorithmés. They used the interlaced mode of a CCD-camera to
acquire four frames for phase evaluation in 8o ms. This technique enabled corneal
height mappings in quasi real-time to be obtained using a spatial carrier fringe mea-
suring system.

Moiré technigues

To create a diffusely radiating corneal surface Kawara used the fluorescein staining tech-
nique that was earlier recommended by Friedberg and Dimond. He obtained real-time
moiré fringes on the corneal surface indicating lines of equal heightss (fig. 2.11). The
stained precorneal tear film is illuminated with a cobalt blue grating that is projected at
an angle relative to the viewing axis. The viewing part of the device is aligned with the
visual axis of the subject's eye. In this part a reference grating is placed on which the
projected grating, distorted by the subject's eye, is re-imaged. The beat of the lines from
these two periodic structures form moiré contours with a fringe interval of 148 pm. This
moiré pattern is photographed and the negatives are analysed on a microdensitometer.
Kawara claimed a topographical precision of 5 pm on a spherical surface.

Jongsma modified Kawara's device to a double-fringe projecting system. This system is
suitable for local frequency reconstruction of the spatial frequency of the projected
fringes, rather than using the height contours that are obtained by the moiré interfer-
ence itselfé>. For this CAVK an image reconstruction program was developed by
Stultiens et al.68. It allows the use of lower spatial frequency projection sine-wave fringes
than Kawara used, resulting in a larger depth of field. The measured area is therefore
not restricted to the corneal surface but extended to the adjacent tissues. The latter is rel-
evant for (semi-)scleral contact lens fitting, for example.

The raster photogrammetry sub-group has a commercially available CAVK, the PAR
Corneal Topography System. Recently, the double-fringe projection technique, as
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Figure 2.11

Schematic view of the orthoscopic projection and viewing optics of the corneal topographer after Kawara. The
projection part consist of a pilot light {PL) in cascadic arangement with a pulsed flashlamp (XF) for short expo-
sure. The obliquely placed grid (according to the Scheimpflug correction) (G} is telecentrically projected via a
1.5mm wide slit (S) on the fluorescence stained precorneal tear film. The light in the projection beam is spec-
trally filtered by a cobalt blue filter {B). The modified fluorescent grating pattern is subsequently telecentrically
re-imaged via a slit (S} on a reference grating (G2). The excitation light is blocked by a yellow filter [¥). The
obtained moiré image is photographed on the film (PH).

described by Jongsma, has yielded a commercially available device, the Euclid ET-800
Corneal Topography System.

Technical potential of PIDIFIN

Fringes that are observed on a diffusely radiating surface map a corneal area of which
the size depends on the distance and the angle of view of the sensor. This surface qual-
ity makes it possible to obtain the topography of a variety of shapes with all kinds of cur-
vature.

With diffuse reflection-based techniques, the measurement is located on the surface
itself rather than derived from a virtual image that might introduce ambiguity.

A disadvantage of diffuse reflection-based devices is that they require a diffusing agent,
e.g. sodium fluorescein to obtain the required optical quality (having a diffusely radiat-
ing and opaque surface) of the cornea. The sodium fluorescein can be replaced by a flex-
ible membrane. The advantage of a diffusing membrane over fluorescein is the modal-
ity to cover the (fluorescein absorbing) stromal layer during a surgical procedure. For
normal clinical examination the membrane technique might be too cumbersome.

2.4.2.7. Projected Image/SHadow/INcoherent (PISHIN)
Mandell investigated a set-up using shadow projection. The corneal surface is illumi-
nated under an angle for suitable for shadow projection. The corneal shadow is pho-
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tographed to measure its contour, with poor results howevers®. What is salient is that
this principle was incorporated later, with success, by the Corneal Analysing System as
a technique for automatic centring and focusing the EyeSys CAVKSs.

Technical potential of PISHIN

Mandell considered the shadow projection technique as not accurate enough. Only one
year before Mandell did his investigation on the total reflection method, Mayman fin-
ished the first lager ever madere. This ruby laser was not suitable as a point source but
the He-Ne laser that was developed shortly thereafter could very well act as a diffraction
limited point source. In conjunction with high resolution photographic film, this tech-
nique can reach a micrometre precision in measuring the corneal profile. However, for
practical use Mandell's set-up is too laborious.

2.4.2.8. Projected Image SPecular and DiFfuse/iMNcoherent (PISPDIFIN)

Surgical corneal topographers (scan technologies)

Baronr: described a method for measuring the topography of an anaesthetised eye. The
apparatus works simultaneously with diffusely reflected light using fluorescent radia-
tion of sodium fluorescein and specularly reflected light. During the measurement, a
blue excitation spot is scanned in the x-y plane to cover the entire cornea and adjacent
tissues. The location of the spot is monitored by two orthogonally-oriented continuous
position sensitive silicon detectors that are sensitive to the fluorescent emission of the
stained precorneal tear film. The location of the eye is monitored by a reference beam
that is simultaneously focused on the surface of the eye. Its specular reflection is mon-
itored by a quadrant position sensitive detector (that is sensitive to the incident light) to
detect deviations of an illuminated area away from the optical axis of the instrument.
The reference and sampling beams are modulated in intensity with different frequen-
cies to enable discrimination between these beams and to suppress interference of
ambient light with the signal. The locally measured topography of the eye in one merid-
ian can be determined by triangulation. This is done by comparing the sampling spot
with the both diffusely and specularly reflecting, centrally projected reference spot that
monitors the position of the eye. As the eye moves, the specularly reflected part of the
reference spot changes position. To measure the entire corneal and scleral surfaces of
the eye, more meridians are scanned. The information can be analysed with a comput-
er to make the required topographic information accessible to the ophthalmic practi-
tioner.

Technical potential of PISPDIFIN

Scanning devices with a hybrid data collecting system that combine the features of spec-
ularly reflected light for alignment and diffusely reflected light for the measurement of
shape were developed for surgical microscopes. However, the accuracy that can be
obtained based on specular reflection on the precorneal tear film-air boundary during
surgery is poor. These devices, although sophisticated from an optical point of view,
seem therefore impractical.
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2.5 Discussion

2.5.1 The classification

Table 3 gives an overview of the techniques according to the physical classification prin-
ciples described in this paper. For each principle the first step (feasibility), the second
step (prototype built), and the third step (commercial availability) is rated "yes", "?" (sta-
tus unknown by the authors of this review) or "no". It is assumed (by the authors of this
review) that descriptions given in a patent are based on experimental work. The rating
"." is given when the proceeding step is negative.

Table 3

principle feasibility prototype commercial

1. OSPIN yes yes Placido disc-based
2. OSPCO no - -

3. PISPIN yes ? no

4. PISPCO yes yes holography-based
5. PISAIN yes yes slit-scan-based

6. PISACO yes ? no

7. PIDIFIN yes yes stereo photogrammetry-based
8. PIDIFCO no - -

9. PISHIN yes no -

10. PISHCO no - -

11. PISDIFIN yes ? -

12. PISDIFCO no - -

Although the feasibility of 8 groups was proven, only four principles have been used to
built a commercial version. Representatives were found of 8 groups. With this table in
mind it is easy to imagine configurations according to some groups that have no repre-
sentatives. For instance, in the PIDIFIN group an incoherent projection of a sinus wave
has been applied to obtain moiré fringes. If, instead of this incoherent projection, an
interferogram of two mutually coherent laser beams was projected on the corneal sur-
face, the PIDIFCO would have a representative. The same laser, used as a perfectly col-
limated beam, would alter Mandell's shadow technique PISHIN into PISHCO, as a
result of which 10 groups would have their representative. And finally PISDIFCO is fea-
sible if instead of a coherent point source a coherently illuminated diffusing screen is
used as light source. It would give an image with a good SNR; however, interpretation
of the fringes from a single exposure can lead to errors,

In PISPCO interferometers were used to measure local height. 1t is also possible to mea-
sure local slope by using a common-path interferometer2. The latter has the advantange
that, as the waves follow nearly the same path, the measurement is less affected by a
deviating curvature of the corneal surface,

2.5.2 Technical potential
None of the technigues described are without inherent shortcomings. Techniques based
on specular reflection require optical characteristics of the anterior surface of the eye
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that are not always present. The central part of the eye can be mapped interferometri-
cally with a high spatial resolution in x,y, and z directions. However, due to its critical
alignment, this method does not appear feasible for routine examinations in patients.
As the modulation of the specularly reflecting surface slope determines the minimum
allowable aperture of the viewing optics, it is difficult, if not impossible, to map the
entire corneal surface including the limbal area in a single exposure unambiguously.
Technologies based on scattering cannot image the entire corneal surface in one expo-
sure under physiological conditions. The problem remains of the movement artefacts
that can occur during long exposure times. Technologies based on diffuse reflections
need a diffusing agent (fluorescent label or membrane) to obtain the required optical
properties of the anterior surface of the eye. It is not yet proven whether these semi-inva-
give technologies alter the surface features or not.

2.5.3 Clinical potential

The question which of all the technologies mentioned is the best cannot be answered
easily. It largely depends on the aim of the application. Corbett et al. raised questions on
four subjects: the kind of measurements, the kind of corneas, the kind of situation, and
the kind of presentationn. If the corneal surface is considered to be an optical surface, a
parametrical measurement might be indicated with the advantage that considerable
sensitivity is gained. Most devices based on specular reflection, the Placido disc-based
CAVKs included, measure parametrically. If the local corneal anatomy is important in
the diagnosis, devices based on scattering can offer interesting modalities, e.g. pachym-
etry (measurement of thickness with a bio-microscope). Should it not be the optical per-
formance but the shape that is the object of the diagnosis, e.g. for pre- and post-opera-
tive evaluation or for contact lens fitting, devices based on diffuse reflection offering
direct height measurements are indicated. Sometimes a diffusing membrane may be
ugeful. Dry corneas, for example, exclude effective use of specular reflection, whereas
during surgery no fluorescein must be used as this penetrates the stromal tissue.
Scanning techniques may be applied during surgery, but the accuracy is mostly poor
due to the condition of the patient's eye. They can be subject to movement artefacts in
other circurnstances. For corneas with a regular surface, a mirrored image, which is easy
to acquire with a Placido disc-based CAVK, is adequate. For irregular corneas of which
the shape is to be known, detailed height mapping might be more accurate when
obtained with a non-parametrical measurementrs.

2.6 Conclusions

The inventory of keratormeters based on the literature search revealed a variety of tech-
niques. Placed in a classification matrix based on optical principles, unexplored tech-
niques emerged that, from a theoretical point of view, seem reasonable starting points
for the development of new devices. The information found is not limited to the 4
groups that are commercially available (Table 3). The search revealed 24 devices based
on essentially different principles that could be classified according to 8 groups (Table
3). For some devices, especially the keratometers described by Sorokos, it is not clear to
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the authors of this review why they are not represented on the commercial market.
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3.1 Introduction

Since 1882 fluorescein has been used for clinical diagnosis and research in ophthal-
mology®. Its fluorescent characteristics, such as yield, spectral absorption and emission
have been extensively investigated. When exposed to light, fluorescein absorbs the blue
and violet parts of the spectrum and emits fluorescent light of longer wavelength after
about 10+ seconds?. With a spectrophotofluorometer the absorption and emission of a
solution of sodium fluorescein in a buffer can be measureds. For low fluorescein con-
centrations, it shows a maximum absorption at 490 nm. When exposed to this wave-
length, the highest intensity of fluorescence is at about 530 nmo.

Traditionally the ophthalmologist observes the eye after instilling fluorescein from a
unit dose container or a specially prepared strip, in order to look for absorption of the
dye in damaged tissue. Research has shown that fluorescein is capable of staining inter-
ruptions in corneal epithelium by diffusing between cells23s, even devitalizedr or liv-
ing= cells. In both animal and human healthy eyes, daily variability and differences
between right and left eyes have been observedss.

Furthermore, variation in intensity and location of the staining for both pathological and
normal eyes has led to the development and use of grid type of grading systems (use of
coloured reference images to determine nature and progress of a process)ssa8.

In contact lens fitting, fluorescein is used to estimate the thickness of the tear layer
between the posterior lens surface and the corneal epithelium {fig. 3.1, c-e). In this case
transparency must be sufficient for the excitation light to penetrate a tear layer several
hundred micrometres thick on the anterior lens surface and the lens itself.

For assessment of tear quality, Tear film Break Up Time (TBUT) and wettability of the
eye (fig. 3.1, a,b) or contact lens surface (fig. 3.1 e-g), one would like the tear film to be
visible easily contrasted from the underlying "dry" substance. This requires limited opti-
cal penetration {opacity) rather than transparency.

In 1965 Friedberg and Dimond suggested the use of fluorescein as a diffusing coating
for corneal topographyws. In this application the dye must perform two tasks. One task
is to destroy the directional information of the excitation light by transforming the
impinging light into a (diffusely) fluorescing image of sufficient luminance. The other
task is to make the transparent precorneal tear film opaque for the excitation light.
When the tear film is insufficiently opaque to the excitation wavelength, backscatter
from underlying eye tissues can disturb the fringe pattern, especially from the posteri-
or corneal surface and iris (e.g. from the iris in blue-eyed individuals). Sometimes, also
the bulbar conjunctiva that covers the white scleral tissue must be mapped, implying
that requirements concerning the opacity are high for all types of eyes. This suggests the
use of fluorescein solutions of high concentrations (high absorption of excitation light)
with consequently a reduced fluorescent yield due to concentration quenching.
Fortunately, fluorescein is a fluorescent agent with a high quantum vyield=.
Nevertheless, it would be helpful to know the behaviour of the fluorescent label under
controlled circumstances for example layer thickness and fluorescein concentration.
The aim of the present phantom (3.2) and in vivo (3.3) studies was to explore the feasi-
bility of quantifying the efficiency of fluorescein applications using various types of flu-
orescein, concentrations and dilution fluids.
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Figure 3.1

Various applications of fluorescein in contact lens fitting and assessment of tear quality and wetting (see text).
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3.2 Assessment of fluorescent yield and opacity of different fluorescein
staining agents in relation to layer thickness, fluorescein concentra-
tion, and dilution medium using a phantom
F.H.M. Jongsma, |. de Brabander, G.G.C. Mols, and F. Hendrikse

3.2.1 Abstract

This study aimed to investigate the yield and opacity of several fluorescein solutions to
be used as a fluorescent coating for measurement of the topography of the anterior eye.
Phantom measurements were performed using frontal illumination on 40 pm thick lay-
ers of fluorescein samples with three different concentrations in saline or methyleellu-
lose 2%. Fluorescent yield was measured at various excitation wavelengths ranging
from 440 to 510 nm, using a barrier filter and a radiometer as detector. To quantify the
opacity, a wedge-shaped chamber was used that provided a variation in layer thickness
starting from an average of 5 pm to about 500 pm. The layer thickness beyond which
fluorescent yield no longer increased defined the layer thickness of 100% opacity. In this
explorative study it was found that yield and opacity varied considerably with wave-
length, type of fluorescent label and dilution medium. We found that high molecular
weight strip fluorescein solution in methyl cellulose provided relatively high fluorescent
yield with a nearly 100% opacity in 40 pm thick layers at all concentrations measured.

3.2.2 Materials and Methods

The measurements were carried out with front illumination on a measuring chamber
that was developed by Van den Biessen et al2, It consisted of a black acrylate cone with
a slope of 3° with respect to a 1 mm thick fixed cover glass. In this way a measuring
chamber with a thickness varying from o to 500 pm was obtained (fig. 3.2). The excita-
tion source was provided by a filament of a 12 Volt/50 Watt halogen tungsten lamp (1)
that was projected with a F/2.4 focused input on a 1 mm circular diaphragm (2} posi-
tioned close to a spectral wedge (3) linear variable interference filter (Oriel Corp.
Stratford, CT, USA). In this way a beam with about 1o nm Full Width Half Maximum

9

Barrier filter Disnlay unit -
l spiay unt Radiometar
o 5 6 intermediate image 11
Excitation filter 3 [\l ” A E e 5
1 2 I V ” V Emigsion . . o .
| | 7 ‘Iiight path 8 Mﬂmrm‘scmpe cun‘necte‘d‘
fn n 1 A with fibier 10 radiometer
N v 4
Excitation light path ——» J]\j — Measuring chamber
= Transiation measurement unit 12
Figure 3.2

Scheme of the set-up that was used to measure the fluorescent yield and the opacity vs. layer thickness.
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(FWHM]) bandwidth was transmitted. The 1 mm diameter spot on the spectral wedge
was 1:1 re-imaged on the rear side of the cover glass (4) of the measuring chamber. The
excitation beam was projected at about the same angle (18°) with respect to the detection
axis as is used in the MST22 The emitted fluorescent light passed through a 40 nm
bandpass filter (barrier filter) with a centre wavelength of 550 nm (7, Melles Griot o3 FIV
044) positioned in between two 160 mm achromat relay lenses (5 and 6}. The re-imaged
spot using the relay lenses served as an intermediate image for a microscope (EE&G
model 585-38-11) with a 2.5/NA=c.1 objective (8, Melles Griot) coupled with a fibre optics
probe (EE&G model 385-35-13). The detector consisted of an EE&G radiometer model
585-63 high sensitivity head (8), and a model 580-13 indicator unit (g). The excitation
gpot had a diameter of about 1 mum within the sample. The aperture of the relay optics
was restricted by a diaphragm to match the etendue of the microscope and to prevent
gpecularly reflected light entering the radiometer. The fluorescent spot {and for one
measurement also the scattered spot) was projected through the microscope objective
on a field aperture with a diameter of 1 mm (11). Due to the 2.5x magnification provid-
ed by the microscope objective, the effective diameter with respect to the measuring
chamber was about 0.4 mm. The o.r NA microscope lens provided enough depth of
field to catch a cylindrical volume with a diameter of about 0.4 mm over the whole mea-
suring chamber.

Measurements were done with Jateral intervals of 8oo pm resulting in an increase in
depth for each step of 40 pm (fig. 3.3). The first two steps were 400 pum apart to find a
reliable reference point for the second (40 pm depth) measurement. Positioning was
measured with a Heidenhain digital length gauge (11, model MT 30) with a precision of
SHIIL.

The radiometer was calibrated for wavelength response.

cover glass

assumed precorneal tear film layer thickness

l«aom pm—- L
| |

fluorescein solution 2 measuring

area

measuring
area

~

5 i i

- 400 pm —— 400 um 800 pm —»

black acrylate cone

displacement intervals per measurement
Figure 3.3

Schematic set-up of the flucrescein wedge. The central sample measures an average layer thickness of 5 um.
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Reproducibility of the measurements on one type of fluorescein (Fluor-I-StripR A.T) in
one solution (methylcellulose} was tested. Opacity (%) of the layers was defined as the
ratio between yield at 40 um thickness and maximum yield {found at thicker layers).
Figure 3.5 shows fluorescent yield vs layer thickness of several types of fluorescein. The
40 pm layer thickness was chosen because Prydal= estimated this as the average thick-
ness of the precorneal tear film.

3.2.3 Preparation of the samples

The following samples were tested;

. Fluor-I-StripR AT, {Small molecular Strip, "S8")

2. Fluor large molecule strip (Large molecular Strip, "LS").

3. Fluoresoft 0.25% Ciba (Small molecular Unit, "SU").

4. Fluorescéine 0.5% Faure (Large molecular Unit, "LU").

The dry strips were immersed in 0.5, 1 or 2 mi saline during 6o seconds. The contents
of the units were diluted with one or three parts of saline or methylcellulose 2%.

3.2.4 Results

The reproducibility of ten fluorescence intensity measurements on Fluor-I-Strip* AT,
{55) in 2 ml saline at 200 pm thickness showed + 4% reproducibility (these data are:
213, 207, 207, 207, 210, 196, 187, 207, 193, and 1906). Fluor-1-StripeR A.T. in 1 ml methyl-
cellulose 2% at 200 pm thickness showed + 2% reproducibility (these data are: 187, 193,
196, 1906, 196, 187, 185, 187, 187, and 185).

Figure 3.4 shows the measured intensity {Arbitrary units, AU) vs excitation wavelength
for $S in 1 ml saline at 100 pm layer thickness. The curve has two peaks. The first peak
centred around 490 nm represents the fluorescent yield of the sample. The second peak
at 550 nm is due to leakage of the excitation light through the barrier filter. Maximum
yield for all types of fluorescein was found at excitation wavelengths between 483 nm

Intensity vs wavelength

S8 flugrescein + 1.0 mi saline
350

300 - /\\
250 | / N
200 b / \
/
150 | 4 \
7 b
100 + N / %
‘ \
50 L \_\/ \
D I g i L A i i}
440 460 480 500 520 540 560 580 600
Wavelength {nm)

intensity (AU}

1

Figure 3.4
Fiuorescent yield vs. excitation wavelength for a solution of Fluor-1-Strip® AT, (S5) in 1 ml saline.
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and 490 nm. Wavelength selection was achieved by manual displacement of the spec-
tral wedge resulting in a wavelength precision of 5 nm.

Figure 3.5 shows the yield at average layer thicknesses between 10 and 240 pm for the
four types of fluorescein using 483 nm excitation wavelength. Measured yield at the cen-
tre of the cone is not at zero thickness due to the dimensions of the measuring spot (see
fig. 3.3). The present types of fluorescein have been selected on maximum yield at 40
wim layer thickness (see table I).

4types of flugrescein in saline
450

intensity (AL}

[[U—— Y P
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| ——— SUin05ml
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i Li) ] 130 wo fieid ey
Layer thickness {irm}
Figure 3.5

a. Fluorescent yield as a function of the four types of fluorescein in saline. The concentrations used were sefect-
ed from the highest yield at 40 pm layer thickness {see Table {}. Error bar {x 4%) is given for §5 at 200 um
layer thickness.

b. Fluorescent yield of the four types of flucrescein in methylcellulose. The concentration chosen were selected
from the highest yield at 40 um layer thickness {see Table I}. Error bar {x 2%} is given for 55 at 200 pm layer
thickness.
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Table 1

Fluorescent yield from 40 pum layer at various concentrations in saline and methylcellulose. Figures indicate
measured intensity in arbitrary units.

in saline +0.5mil +1ml +2mi
Small Strip (55) 158 139 161
Large Strip (LS) 145 74 43
Large Unit (LU) 116 188 216
Small Unit (SU) 152 167 147
In methylcelluiose 2% +0.5ml +Iml +2ml
Srnall Strip (SS) 166 138 106
Large Strip (LS) 258 250 215
Large Unit (LU) 134 169 244
Small Unit (SU} 186 174 158

In figure 3.5a saline is used as substrate and in 3.5b methylcellulose 2%. Both figures
show that one of the curves has a steep increase of yield up to about 40 pm layer thick-
ness and subsequently the flattest saturation curve. In saline this is LU in 1 ml (the
increase of SU is steeper, although its saturation is achieved at about 8o pum layer thick-
ness}. In methylcellulose (3.5b) LS in 0.5 ml shows the best performance.

Figure 3.6 shows opacity vs concentration for the four types of fluorescein diluted in
saline (A) and methylcellulose (B) at 40 pm layer thickness. These results followed from
similar measurements as shown in figure 3.5 for the other concentrations, varying
between o.5 ml and 2 ml solutions of one unit or stripe. In saline the LU performed best
at dilutions with o.5 ml and 1 ml, whereas in methylcellulose LS performed best at all
dilutions tested. If one assumes a reproducibility of about 4% in all fluorescent yields
(fig. 3.5) this would yield a reproducibility of about 8% in the opacity due to uncertainty
of estimation of opacity (fig. 3.6). However, this would hardly affect the conclusions.

3.2.5 Discussion

For clinical topography the opacity at 2 40 um tear layer thickness is crucial for corneal
surface reconstruction and is based on fluorescence from the precorneal tear film.

The in vitro measurements show that for increasing layer thicknesses the yield increas-
es until saturation occurs at thicker layers. However, some scatter of the data points was
observed (fig. 3.5). For SS, reproducibility measurements were done at layer thickness of
200 um, having a variation of x 4% (indicated in fig. 3.5). This suggests a + 8% uncer-
tainty in the opacity data. The contrast in behaviour of LS in saline vs LS in methyl cel-
lulose is remarkable. The dilution medium may play an important role for this type of
fluorescein.

Opacity is shown in fig. 3.6. Here, the LS curve in fig. 5.6a is quite different from the
LS curve in fig. 3.6b. To a lesser degree similar behaviour can be seen in the S8 curves
in figs. 3.5a and b.
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Figure 3.6

a. Opacity vs cancentration of 4 types of lluorescein in saline,

b. Opacity vs. concentration of 4 types of fluorescein in methyl cellulose. Opacity is defined as the ratio between
yield at 40 prn layer thickness and maximum yield (found at thicker layers).

3.3 In vivo assessment of the fluorescent yield of fluorescein staining on
the ocular surface

J. de Brabander, F.H.M. Jongsma, and F. Hendrikse

3.3.1 Abstract

In contact lens fitting, the topical application of fluorescein is used for a variety of rea-
sons. The most important ones are assessment of tissue integrity, qualitative analysis of
the tear layer, wettability of the eye or contact lens surface and evaluation of the contact
lens fit. The clinician observes the eye after instilling high or low molecular weight flu-
orescein from a unit dose container or a specially prepared strip. The eye is illuminated
by blue excitation light and in some cases viewed through a barrier filter in order to sup-
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press unwanted emissions and enhance visibility. A special application of fluorescein
exists in shape topography of the anterior eye surface. The fluorescein is used to change
the specular reflecting tear layer into a diffusely fluorescent layer. In this application the
excitation wavelength used, type of fluorescein, and dilution fluid are of particular
importance, since the tear film should be made completely opaque. The purpose of this
study was to investigate the effects of excitation wavelength, type of fluorescein and type
of dilution fluid on transparency/opacity of the tear film in vivo by using photographic
visibility as a criterion. Results show that an excitation wavelength of 489 nm is most
effective in obtaining high fluorescent yield. The use of an excitation wavelength of 450
nm, because of its reduced absorption in fluorescein, made deeper structures in the
scleral part of the eye visible. Low molecular weight fluorescein was superior in creat-
ing opacity compared to high molecular weight fluorescein. Using methylcellulose as a
dilution fluid increased yield and opacity.

3.3.2 Materials and methods

Photographs of a volunteer's eye were taken using a Zeiss 75SL photo slitlamp. Within
the illumination path of the slitlamp, excitation filters with a centre wavelength of 450
and 489 nm and a 1o nm Full Width Half Maximum bandwidth were placed. Large and
small molecular fluorescein was used from strip and unit dose. Saline and methylcellu-
lose 0.5% and 2% served as dilution fluids.

In this explorative study, photographs were taken of a blue eyed subject using the slit-
lamp without barrier filter on a 200 ASA colour positive film. The photographic mater-
ial was visually analysed on visibility of the underlying tissue (transparency/opacity) and
on colour (flucrescence).

3.3.3 Results

Figures 3.7 {top a, b) show a pair of photographs taken with different excitation wave-
length of an eye with sodium fluorescein (small molecular strip) diluted in saline in the
tear film. The left picture was taken with 450 nm excitation wavelength and the right pic-
ture with 489 nm excitation wavelength. As the chromatic extinetion coefficient for 450
nm is less than for 489 nm, the deeper structures at the scleral part of the eye are more
clearly visible with the shorter wavelength.

In figures 3.7 (bottom c, d) the difference between the photographic result after instilling
a solution in saline of small molecular strip (c) and large molucular strip (d) is shown.
The small molecular strip shows a higher opacity than the large molecular strip.

Figure 3.8 shows four pictures where methylcellulose instead of saline was used as sol-
vent for fluorescein. For both the methylcellulose 2% (b) and 0.5% (d), the small molec-
ular strip (a,c) outperforms the large molecular strip {b,d) concerning yield and opacity.

3.3.4 Discussion

Better visibility of the deeper structures in the scleral part of the eye at shorter wave-
length excitation (fig. 3.7a} can be explained by the lower light absorbance for 450 nm
than for 489 nm. Probably, the same result can be obtained using longer wavelengths
at a more diluted solution. In clinical practice it is rather difficult to control exactly the
concentration of the fluorescein in the eye. One could, by rinsing the strip before uti-
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Figure 3.7

Transparencyfopacity with saline. The top pictures show

the difference in opacity between excitation with 450 nm {a) and 48¢ nim (b} using a small molecular strip as
fluorescent dye. Note the better visibility of the underlying episcleral tissue in a, The bottom pictures show the
difference in opacity using strips of small (¢} and large {d) molecular flucrescein with saline.
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Figure 3.8

Four photographs of a fluorescent label in methy! cellulose with 489 nm excitation wavelength. The
left pictures were taken using small molecular strip as fluorescent label, for the right pictures the
large molecular strip was used. In the upper pictures methyl cellulose 2% served as substrate, in the
lower pictures the substrate was methylcellulose 0.5%. Note the remarkable higher opacity with

small molecule fluorescein in the left picture.
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lization, reach a lower concentration or wait until the tears dilute the fluorescein. A prac-
tical solution allowing observations at wavelengths of not only 48¢ nm but also 450 nm
would be to incorporate a 450 nm filter into the slitlamp filter disk. It would be of inter-
est to investigate this aspect further since no clinical assessment of the scleral/conjunc-
tival structures with a viewing system at 450 nm wavelength has been performed.
From figure 3.8 it is clear that small molecular fluorescein results in better opacity. This
is in accordance with our general observations in performing height topography with
the MST.

It is also clear from figure 3.8 that the addition of methylcellulose increases opacity con-
siderably. Theoretically this would be an advantage in topographic measurements. It is
unclear, however, whether this increase is due to a higher fluorescence efficiency of the
fluorescein or due to an increase of layer thickness caused by the viscosity of the methyl-
cellulogse. With the addition of methylcellulose the increase in the thickness of the tear
film could obscure distinct height differences. The balance between detection of small
height differences vs the better possibility of obtaining height measurements over the
entire eye needs further study.

3.4 Comparison of phantom and in vivo results, conclusion

The use of a fluorescent label in topography of the anterior eye, to make its surface dif-
fusely fluorescing rather than specularly reflecting, gives reliable surface data if the yield
is sufficient for imaging the projected fringe pattern and if opacity prevents light reflect-
ed from deeper structures, e.g. iris or sclera, from interfering with the surface pattern.
Both the phantom study and the in vivo study indicate that it is quite possible to achieve
such conditions. Furthermore in both studies significant differences between the vari-
ous types of fluorescein and substrates were found. However, the data obtained from the
phantom experiments are not in agreement with the in vivo data. For instance, in con-
trast to good phantom performance of the large molecular fluorescein in methylcellu-
lose, the in vivo study showed a very poor performance. A problem in the phantom
investigation was that artificial dilution fluids had to be used, rather than body fluids:=.
It seems, from our results, that these fluids react quite differently on fluorescein than
the in situ tear film.

3.5 Conclusion phantom and in vivo studies

Our in vivo experiments show that opacity of the tear layer can be decreased by using a
shorter excitation wavelength (450nm) enhancing visibility of fluorescence of deeper
structures in the bulbar conjunctiva/episclera.

Both phantom and in vive studies showed that it is possible to create opacity in a thin
layer by using fluorescein.

Saline and methylcellulose used as solvent do not provide a good model for the phan-
tom study on the behaviour of fluorescein in the tear film.
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System for determining the topography of a curved surface

4.1 Abstract

A new Computer-Assisted VideoKeratometer {CAVK) has been developed It is based on
the principle of a moiré-based corneal topographer as previously described by Kawara:,
Hardware and software techniques have been adapted to circumvent the drawbacks
inherent to moiré techniques. The device comprises a CCD camera interfaced with a
computer for fast presentation of the data. An area of 22.4 x 16.8 mm: is mapped. This
requires a depth of field of about 6 mm that was obtained by app]yiﬂg 4 Stereoscopic
projection technique providing two fringe images of the surface in conjunction with
Fourier analysis of the spatial frequency of the fringes projected. In order to exclude
movement artefacts between the video signals from the left and right hand images, a
double flash technique was implemented providing two tv fields (the odd and even
frames) within 8 miliseconds. A real time topographic moiré picture of a living eye, as
well as a reconstructed meridian, and a reconstructed topographic mapping of a living
eye, are shown as examples. The local precision in height is sum.

4.2 Introduction

4.2.1 General

In this chapter a more general description is given of the author's patent "System for
determining the topography of a curved surface". This patent is enclosed in appendix 1.
Performance figures, given in this chapter, are tentatively estimated figures, and actual
validation of the "Maastricht Shape Topographer" (MST), based on measurements on
bispheric models, will be presented in chapter 5. Words marked with an astrisk (*) are
further explaned in the list of symbols and subscripts.

4.2.2 Background of the invention

As described in chapter 2, there is a variety of optical techniques to obtain a topograph-
ic mapping of the cornea. The device developed by Kawarar served as a starting point for
the development of a CAVK* that measures primarily shape, described in this chapter.
In order to make Kawara's device suitable for computer- assisted interpretation and to
extend the area of measurement, some limitations connected with Kawara's device had
to be overcome.

4.2.3 Limitations of Kawara's technology

In Kawara's technique a fringe pattern is projected on the eye. What is important for
good moiré contrast is that fringes are projected with sufficient depth of focus*. For re-
imaging this pattern on a reference grating, depth of field* is the crucial factor. An
inherent limitation of a moiré projection system is that a small diaphragm is needed to
obtain sufficient depth of focus, whereas a large diaphragm is required to project a fine
grating, for sufficient depth resolution. The system described by Kawara obtained suffi-
cient depth of focus by using a 1.5 mm telecentric* slit in the projectors. These slits
allowed only the zero-order and + first-order diffraction maxima of the gratings to pass,
making the projectors therefore diffraction-limited (fig. 4.1). Kawara's technique sup-
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Figure 4.1

Spatial filtering of a sine-wave signal. When a grating is placed in a monochromatic parallel beam of fight, its
diffraction pattern will appear in the focal plane of a transforming lens {lens 1). According to Abbe, at least two
diffraction orders are necessary to reconstruct the grating. Consequently, when a slit is placed in the focal plane
of lens v, the minimal width that passes information from the grating is dictated by the focal length of the lens,
the light used, and the spatial frequency of the grating. Lens 1 performs a Fourier transform of the grating (from
the spatial domain to the frequency domain) whereas lens 2 performs an inverse Fourier transform {the part of
the diffraction pattern projected by lens 1 that passes the slit, or another spatial filter, is back transformed to an

image).

ports a 2 mm depth of field combined with 10 pm depth resoclution, but this is insuffi-
cient to map the entire anterior eye. By increasing the projection angle of the fringes
with respect to the observation axis, a higher resolution of depth may be obtained with
the same fringe pattern. A serious drawback of this approach, however, is that large sur-
face inclinations tend to broaden the fringe pattern on the surface, lowering its effective
spatial frequency. When the distance between fringes on the surface increases over
twice the distance of the bars in the reference grating, the lower mode moiré overlaps
with the high moiré frequencies characterizing this surface and aliasing moiré patterns
emerges (fig. 4.2). Moreover, shadows are introduced on a corneal surface at projection
angles larger than 35°, also a factor contributing to deterioration of the moiré image.
Another limitation follows from the kind of moiré technique used. The height lines are
digplayed at the reference grating in the viewing axis instead of on the surface to be
analysed. This means that the flexibility of the instrument with regard to alternative data
extraction is limited. The sign of the surface slope remains unknown, implying that we
do not know whether a convex or concave surface is present (the "hill-or- valley" dilem-
ma). The final outcome of Kawara's corneal topographer is a photograph. The transla-
tion of the height lines into AROC* (Axial Radius Of Curvature), IROC* (Instantaneous
Radius Of Curvature, in this chapter referred to as "local radius of curvature"), eccen-
tricity*, etc., start from these data.

Application of digital image analysis techniques can reduce the data acquisition time,
increase the depth of field and solve the hill-or-valey dilemma, as further discussed below.
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Figure 4.2

Moiré pattern of a spherical object. The faintly visible concentric rings on the right and bottom parts of the
image are aliasing moiré patterns.

4.3 Improvements on Kawara's technique

4.3.1 lmproving of measurement precision

In the patent a variety of techniques to improve measuring are discussed. Only the tech-
niques potentially relevant the for the Maastricht Shape Topographer (MST) are
described in this chapter,

"Additive moiré": Instead of placing the reference grating in the viewing axis, the grat-
ing can also be placed in a second projector and projected simultaneously with another
grating. In this way an additive moiré image is obtained that is located on the surface
itself rather than on a reference grating.

Distinguishable planes, appearing in the volume in space, are parallel to the optical axis
(fig. 4.3a). When parallel (collimated) beams are used to form moiré contours, the pat-
terns represent equal-depth contours {fig. 4.3b). An object placed in the intersection vol-
ume of both projected fringe patterns is alternately intersected by fringe patterns and
areas without intensity modulation (fig. 4.4).

4.3-2 Some methods for contrast control

The contrast of the additive moiré image can be enhanced by spatial or temporal filter
techniques.

The spatial filter technique is accomplished in a two step procedure. The additive moiré
fringes are formed in the first step, constituting a transparent image (fig. 4.4). Then, a
collimated beam of monochromatic light back illuminates this image. The parallel light
passing the image will be partly diffracted {see fig. 4.1}. Focusing the beam after pass-
ing the moiré image, zero order and higher order diffraction spots will appear in the
focal plane of lens 1. When also the undiffracted zero order is blocked {not indicated in
figure 4.1}, only the diffracted orders focused by lens 1 are back-transformed by lens 2.
After this spatial filtering process the grey parts in the image are black, resulting in
enhanced moiré contrast. As the contribution of the zero order is lacking, the fringes in
the enhanced image have half the periodicity of the original images. This is demon-
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Figare 4.3

a} When two rmutusfly coherent beams are projected on 2 swizce, bright and dark fringes appear where the
interfering waves are in phase and out of phase respectively The in phase positions madnmem intensity} ars
marked by black dots. The maxima and minima form a Finge pattern parsilel with the bizectrix of the two
interfering bearns, As the waves fravel with equal speed, the foral phase relations do not change. Only the
local intensity is modulated with the frequency of light, being for visible light sbout 1o Herz

b} When the interference patterns of two pairs of interfering beams are projecied on 3 surfacs, additive moisg

contours are formed that are perpendicular to the bisectris bepugen the two palrs of bearss.

Figure 4.4
Additive moiré pattern on a spherical object. Concentric circles consisting of the fringes of the projected grat-

ing are separated by more or less grey circles, indicating the surface's cortours of equal height where the pro-
jected left and right grating fringes are 180° out of phase.
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Figure 4.5
Moiré pattern that indicates lines of equal height on a spherical surface. This moiré contrast was obtained by a

spatial filtering technique. The photographic recerding of an additive moiré pattern [fig. 3.4) was placed in a
parallel monochromatic beam of light. After passing the recording, the beam was focused yielding a zero order
and higher diffraction orders of the image. After spatial filtering, where only the « 1 diffraction orders were
allowed to pass, and re-imaging of the recording, a contrast that is comparable to a multiplication contrast was
obtained. Due to this kind of spatial filtering the fringe frequency is doubled compared to the grating frequen-
cy (compare projected grating fringes of figure 4.4 with the fringes in this enhanced image).

strated in fig 4.5 which represents the additive moiré image from fig. 4.4 after the spa-
tial filtering process. Temporal filtering can be accomplished by selecting the fringe fre-
quency from the video signal and blocking the less modulated frequencies produced by
the beating of the left-hand and right-hand projected fringes, the selected fringes appear
white against and black background on the tv-screen (fig. 4.6).
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Figure 4.6.
Tv line reprasenting an amplitude modulated signal (a). By blocking the low voltage part of the signal, contrast
enthancement of an additive moiré pattern can be obtained (b).

A B
Figure 4.7

By projecting an additive moiré pattern on the eye (a), a real-time enhanced moiré image can be obtained by
filtering the tv signals electronically {b).
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4.4.1 Local frequency detection as an alternative to dynamic focusing techniques

Figure 4.8 shows a tv-line representing the intensity modulation from an additive moiré
image. The points of minimal modulation (A) are lost for detailed (on pixel* level of the
camera) analysis of the projected fringe itself. It would be nice if all camera pixels* could
be fed with explicit height data. This can be accomplished by applying a Fourier analy-
sis technique. This technique enables a periodic function, e.g. a fringe pattern, to be
decomposed into a sum of sinusoidal functions. As these functions are integral sub-
multiples of the original periodic function, the technique offers a way to measure the
local characteristics of a single period. For exemple, the first part of a single sine wave
of a projected sine-wave grating on an irregular surface will be compressed by a steep
slope of a surface, whereas the second part is decompressed due to an adjacent part of
the surface's flat slope. In this case, the first part of the sine wave represents a higher
frequency component in the Fourier analysis than the second part. These local charac-
teristics (“local frequency”) are a measure of the local height. Fig 4.9 shows how the sur-
face curvature of an object changes the local frequency of a orthoscopically fringe pat-
tern projected. The local contraction or expansion of the projected fringe pattern at an
area on the object surface reflected can be measured by calculating its local frequency.
Thus the local frequency of the sine wave represents the surface's local slope. In fact
each CCD camera pixel contains information over the average surface slope when com-
pared to the information from neighbouring pixel. When the surface's slope contains no
discontinuities within a pixel distance, the local height can be reconstructed by straight-
forward calculation.

The local characteristic of a single period, however, is changed when two gratings are
superimposed {(fig. 4.8) as will happen with moiré. To avoid this complication the fol-
lowing solution was chosen. Two fringe patterns are labelled in time by using a double

signal {voits}

Figure 4.8

A tu-line of the CCD camera on which the intensity modulation of an additive moiré pattern formed by the ieft.
hand and right-hand projection on a oblique surface is given. To avoid low modulation due to moiré (A}, the
lefe-hand and right-hand projections must be sequentially iHuminated.
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Figure 4.9
A fringe pattern projected on the cornea's surface is frequency modulated according to the surface's slope rel-

ative to the viewing axis,

flash technigue described by Tangelder et al.8. We labelled within 8 ms to exclude eye
movements during the measurements. The two flashes are synchronized with a CCD
camera. The first flash is triggered at the end of the first field of the camera {odd frame)
and the second flash is triggered at the beginning of the second field (even frame). This
synchronization scheme is depicted in the insert of fig. 4.10. As the exposure time of the
camera is controlled by the duration of the flash (0.1 ms} and the interval between both
flashes, the total integration time can be considerably reduced by this technique. With
the labelling in time, the unwanted amplitude modulating moiré interference is avoid-
ed. The odd and even frames can be distinguished by the computer and Fourier-
analysed. The final result is a detailed height map composed of both Fourier-analysed
frames. By applying Takeda's method of analysise, automatic discrimination can be
achieved between elevation and depression of the object's surface. The method also
works with relatively coarse gratings which permit correspondingly larger diaphragms
in projector and sensor.

4.5 The Maastricht Shape Topographer (MST)

The MST (fig. 4.10) comprises two projectors (3} set up at an angle of 18° to the optical
axis (1) of a camera (2). Both projectors hold a slide (4) containing a line pattern of about
5 Ip/mm, where the lines run at right angles to the plane through the projection axes.
Projection lamps (5] are used as the light source in the projectors. In order to "freeze"
rapid eye movements, the double flash technique with the flash lamps {6), which are
synchronized (13) with the tv camera's framing frequency, is used. The lamps, continu-
ously on, in the projectors are shut off during the measurement. Filters (7), positioned
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Figure 4.10

Scheme of the optical layout of the MST. Two orthoscopically projected beams by the telecentric grating pro-
jectors {3} form a measuring volume (12) of which a moiré monitor image can be obtained when illuminated
by continuous light (5}, or two fringe patterns {see fig. 4.11) when sequentially illuminated by flash tubes 64 and
6B. The MST consists of a CCD camera (2} connected to an electronic moiré filter (15) with monitor (16}, and
framegrabber (14}, synchronizing device {13), personal computer (17} and monitor (18}. In the insert the syn-
chronization scheme of the flash tubes with the CCD camera is given. A = flash forming the odd frame and B
= flash forming the even frame.

between the lamps and the slides, reflect the heat of the light source and all colours
except blue-green (8), restricting the radiation load on the eye to that of the blue-green
excitation light. To project the grating, the projection device is provided with a projec-
tion objective (10). A 3 x 20 mmaz rectangular diaphragm (g9}, of which the long sides
run parallel to the lines of the grating, is placed in the focal plane of the projection objec-
tive, at the object's side. The aperture of the diaphragm along the narrow side is small
enough to project the 5 lp/mm gratings with sufficient depth of focus. The relatively
large aperture of the diaphragm along the long side contributes to the desired light
intensity of the projected pattern.

The distance setting takes place with the aid of an image observed via a pilot monitor
(16) using an electronic analogue filter (15). When the cornea is placed completely in the
depth of field of the sensor, concentric rings will appear on the entire cornea (fig. 4.7b).
As the Fourier analysis is very sensitive to local over-exposure, for instance due to spec-
ular reflection of the excitation light on the cornea, a yellow barrier filter (11) is fitted in
front of the camera. This filter blocks the blue excitation light and transmits only the yel-
low fluorescence light.

For the calculations, the unfiltered data of the frequency modulated grating image, as
are present in the pair of frames (left and right hand projections respectively or odd and
even frames) of the CCD camera, are used (fig. 4.11).
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Figure 4.91

The feft and right fringe projections on the cornea that are imaged as odd and even frames respectively are used
as a starting point for the Fourier analysis.

As soon as the instrument is set, a frame grabber (14) sees to the digitalization and
transmission of the signal to a monitor (18) coupled to a computer (17). There, the sig-
nal is analysed line by line. In this way, any missing information in one image can be
supplemented through the other image. This also compensates possible defocusing
effects of the peripheral right part of the left projection and the left part of the right pro-
jection.

The unfiltered moiré image (left and right fringe projections) at the location of each
CCD camera field (fig. 4.11) contains pixel information on the spatial coordinates x, y,
and z. With the aid of digital image processing, it is possible to reconstruct the shape of
the anterior eye in detail. For example, a height (fig. 4.12) or local curvature meridian,
or a height contour mapping can be displayed (fig. 4.13).

4.5.1 Quality of the optics

The projectors have the task to project gratings with enough depth of focus to provide a
measuring volume (12 in fig. 4.10) adapted to the depth of field of the viewing system.
Although it concerns low frequency gratings, the optics must be of high quality to
ensure height measurements with pm accuracy. To achieve this, Spindler & Hoyer dif-
fraction-limited achromats were used to project the gratings with a 1:1 ratio on the ante-
rior eye. The 16omm achromats (10 in fig. 4.10) have been completely corrected for the
C, d, and F lines (C= 656.2ynm, d= 587.6nm and F= 4806.13nm). As the maximum
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Reconstruction of a meridian,

Figure 4.13
2-D reconstruction. The measurerment includes adjacent tissue such as the bulbar conjunctiva. it clearly shows
the concave surface of the lacrimal fluid in the lower fornix.

absorption for sodium fluorescein is at about 490 nm, the F correction is advantageous
for the projection of the excitation light. The achromats are incorporated in an aplanatic
configuration according minimum deviation requirements to minimize spherical aber-
ration.

4.5.2 The software
A reconstruction image of 512 x 512 points defining a 22.4 x 16.8 mm: area is available

after combination of the separately illuminated left and right projection images (fig. 4.13).
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Although the spatial grating frequency induces mainly a horizontal carrier wave modu-
lation, a two-dimeusional analysis has to be performed to reveal a consistent image that
contains the required information of the three-dimensional object. Digital filters were
used to limit the local frequency to the equivalent of + 60° slope of the corneal surface.
The left and right hand projected gratings are vertically oriented. Thus the highest spa-
tial frequency (the modulated carrier frequency) is present along the tv lines. However,
the bent fringes on the convex surface introduce a low spatial frequency component in
the vertical direction. The reconstruction by Fourier analysis is done either in 1 dimen-
sion (following the tv lines) or in 2 dimensionst.

The patient's eye is aligned by bringing the visual axis in line with the optical axis of the
instrument. When some misalignment is present, correction can be abtained by rotat-
ing the 3D-reconstruction guided by the surface features of the eye. For estimation of
radii of curvature of a reconstructed image it is possible to use, for instance, elliptical or
polynomial curve fitting. Corneal eccentricity*, astigmatism*, and so on, can be esti-
mated or calculated from these fittings. The determination of fittings can also be carried
out in a two- dimensional or three-dimensional manner. A "best fit sphere” algorithom
was developed to calculate the central radius of curvature. Using an index of refraction
value for the corneal tissue, the height or curvature mappings can be translated into
dioptric values by applying Snell's law for refraction.

4.5.3 Precision of the pixal value

In case of fringe projection, the height information is coded in the local intensity distri-
bution on the surface. The yardstick, a pair of fringes ("black” and "white"), is divided
in subdivisions by the pixel values in the CCD camera incorporated in the viewing axis.
The grating period (p)is translated in a fringe period on a surface perpendicular to the
viewing axis (o) according d = p/cosa (fig. 4.14). A shift along the viewing axis over a

AN
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Relation between spatial grating frequency, projection angle, and resolution in depth.
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fringe period will occur at d/tana. For the MST o = 18° and p = 5 Ip/mm. (later on p
was decreased to about 2.5 Ip/mm in order to gain in depth of field and SNR of the
image in the CCD camera.} For 5 Ip/mm, d/tana = 616 pm. Assuming pixel values
between o and 256, the average depth interval for each pixel value is 2.4 pm. For 2.5
Ip/mm this average interval increases to 4.8 pm. A lower (more realistic) SNR in the
image decreases the precision. Estimation of precision of parametrical values, however,
can be increased by averaging over more pixels for instance by shape matching (best fit
sphere, elliptical shape, or other shapes). A tentative conclusion on the base of these
considerations is that the MST allows height estimation with a precision of sum.

4.6 Discussion and conclusions

The hybridization of Kawara's techniquer as explained above and the double grating
technique introduced by Wasowskis offers the following advantages. The resolution in
depth will be mainly determined by the bandwidth {amount of pixels) and signal-to-
noise ratio of the CCD camera in conjunction with the frame grabber rather than by the
depth of field of the sensor optics. The contours of a moiré pattern do not play a role
here; they have a lower lateral resolution because it is a beat pattern by definition.
Movement artefacts are excluded by synchronizing the flash tubes with the end of the
odd frame and the beginning of the even frame of the CCD camera. Depth of field is
considerably increased compared to Kawara's technique. (The 5 lp/mm gratings used
give, compared with the 12 Ip/mm gratings used by Kawara, 2.4 times more depth of
field of the viewing optics with the same aperture and imaging ratio.) Effective depth of
focus of the fringes pattern on the surface is increased by projecting two gratings from
opposite directions at an angle of 18 instead of only one grating at an angle of 35°. Some
parts of the grating image on the surface may be out of focus due to the oblique projec-
tion angle. However, as the out-of-focus parts of the gratings in the odd and even pro-
jections (fig. 4.10) are projected from opposite directions, one image can supplement
the information which has been lost (due to lack of depth of focus of the projectors) in
the other image.

Focusing on the subject's eye is achieved with a pilot monitor showing a real time moiré
pattern on the corneal surface. As out-of-focus parts of the image appear black on the
monitor and the in-focus gratings are orthoscopically projected and recorded, the qual-
ity of corneal mapping is independent of the operator. This projection technique
makes the system suitable for providing the information requested by, for instance, an
optician, contact lens specialist or ophthalmologist.

Most commercially available corneal topographers are designed to "see" the cornea as
an optical element, only characterized by its dioptric value. However, in a variety of
applications, it is not the dioptric value but the shape of the cornea which plays an
important role. This is, for example, the case in contact lens fitting and in evaluating the
results of photorefractive surgery. The MST is designed to measure the local height with
respect to a reference plane. Therefore, assumptions concerning the shape are not nec-
essary. Especially when in the case of abnormal corneas, this is advantageous as
assumptions may lead to false conclusions.
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Therefore, the MS8T was developed as a “true shape" measuring device. It measures the
surface itself with a sample density equal to the pixel density of a CCD tv camera, result-
ing in shape information with a lateral resolution of about 40 pm and an estimated local
height precision of 5 um. Experimental verification of these figures has been donein a
technical validation of the MST. This is described in chapter five of this thesis.

The modification of Kawara's device has been achieved without affecting the basics of
the optical configuration such as telecentric projection and recording. With the latter
reconstruction technique, the precision of the topographic mapping of 5 pm obtained
by Kawara is mentained, while the depth of field is increased from approximately 2 nm
to more than 6 mm. High spatial sampling and the image enhancement filtering,
implemented by Stultiens, also improved the lateral resolution.

The MST can be used for real-time height data acquisition of the entire anterior eye
including cornea and adjacent tissues while further processing is done in digital form.
The integration of optical and digital techniques allows reliable assessment of the cen-
tral and peripheral curvatures of the cornea and the curvature of the adjacent limbal and
scleral area.
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Development of a wide field height eye topographer: validation on models of the anterior eye surface

5.1 Abstract

Purpose. The aim of this research was to develop a corneal topographer that determines
the shape of the entire anterior surface of an eye without assumptions and with uni-
formly high precision in the center and periphery.

Methods. Based upon a double projection of two sine-wave gratings and analysis of the
distortion of the sine-wave gratings due to the corneal-scleral shape, point-by-point mea-
surements of surface elevation were obtained with a sample density equal to the pixel
density of the CCD-detector. Using this principle a prototype topographer, called the
Maastricht Shape Topographer (MST) was developed. The accuracy and reproducibility
of the instrument were evaluated using bispheric models of the anterior surface of the
eve.

Results. The precision of height measurements was ¢.55 pm in the 1o mm central area
and 22.50 pm in the periphery (14 to 19 mmy). Precision of the reconstruction of the
radius of curvature was 0.0155 mm (0.08D) in the center and 0.0313 mm in the periph-
ery (sclera). Average height reproducibility standard error was 0.03 pm in the center and
2.6 um in the periphery.

Conclusions. With the MST, unambiguous shape measurements of the entire anterior
surface of the eye are possible with accuracy up to clinical accepted standards. The MST
is able to measure height over a wide area of 20 mm, with a 6-mm depth of field. The
tested prototype of the device can be further improved by the use of custorn-made optics
in order to increase signal to noise ratio in the periphery of the image. This height
topographer could offer a reliable method in cases where shape is of paramount impor-
tance, e.g., in (scleral) contact lens fitting and refractive surgery.

Key words: cornea topography, contact lens fitting, sclera, moiré, videokeratography.

5.2 Introduction

Placido disc-based corneal topographers use the cornea as a convex mirror. The raw data
in this type of topographer are highly sensitive for slope deviations. In Placido systems,
the first Purkinje image, which is formed behind the cornea, is viewed for analysis.
Historically, an assumption is made on the location and orientation of the image, and
also on the shape that was actually measured. These assumptions, however, may not be
applicable. Recently, some Placido systems have reduced the assumptions for identify-
ing the corneal surface to the need of a continuous surface. However, the newer meth-
ods rely on relating adjacent measurements, which requires a dense and precise reflec-
tion pattern that cannot always be obtained. Because the shape of the cornea determines
where the mires will reflect, the reflected image provides different coverage of different
corneas, and does not consistently reveal structures outside the cornea.

A way to determine the real shape of the cornea directly, unambiguous and without
assumptions, is to measure its local height. There are a variety of modalities to measure
local height of objects in general. Most of them cannot be used in optometry because
the corneal surface is transparent and the precorneal tear film is specular reflecting.
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There exist some techniques of which the feasibility has been proven. The most impres-
gsive are those that are based upon interferometry:2. However, due to the difficulty to
align the patient's eye with the axis of the instrument and the extreme sensitivity to
movement artifacts, these technologies have not been adopted in clinical practice so far.
With a slitlamp one can obtain a profile from the cornea using Rayleigh scattering from
the corneal tissues. By imaging multiple vertical slits across the whole width of the
cornea from a known angle, this technology has been extended to a fully computerized
systern in the cornmercially available "Orbscan”s. Another alternative to the classical
Placido-based topographers is the rasterstereography as is used in the PAR corneal
topographers$. This system uses a grid pattern composed of horizontal and vertical lines
spaced approximately 200 pum apart. The topographic elevation is calculated from an
image of the projected grid onto the corneal surface. Because the cornea consist of a
transparent structure reflecting the light specular, its surface needs to be made diffuse-
ly radiating. This can be done by instilling sodium fluorescein in the precorneal tear
film. It has been reported that the stabillity of the precorneal tear film is affected by flu-
oresceinr. Therefore it is adviced to perform in vivo exposures immediately after blink-
ing. Tear film-dependent techniques do not work on dry eyes or other tearfilm deficien-
cies. Adding more viscous substances may change the surface shape$ but is not neces-
sary for normal tear films. In case no coherent tear film is present, a diffusing mem-
brane may be useds. The fluorescent coating technique was already applied in 1979 by
Tetsuo Kawaraw in a corneal topography device that uses moiré contour fringes. Moiré
fringes can be observed when two gratings are superimposed (fig. 5.1). This phenome-
non can be used to obtain a display of the three-dimensional shape of an object.

Kawara used sine-wave gratings in his device {fig. 5.2). A grating (PG) is projected on
the fluorescein coated tear film and modified by the corneal shape. The modified grat-
ing is then optically projected onto a reference grating (RG) positioned in an interme-
diate plane in the viewing system. As a result of the interference between the two grat-
ings, moiré fringes are formed and photographed (Ph). As the moiré image consist of

\i\ \\m
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Figure 5.1

When two gratings are superimposed at an angle, a secondary pattern emerges that is called "moiré",
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Figure 5.2

Schematic diagram of Kawara's moiré system. The moiré image is located at the reference grid (RG). Lines of
equal height are obtained according h = p/sin a (see insert).

lines of equal height, direct topographic information can be obtained without mathe-
matical assumptions on the measured shape. In order to make magnification indepen-
dent of distance, a telecentric projection method is applied. This provides an orthoscopic
projection of the two grids on the corneal surface. The oblique orientation of the grat-
ing with respect to the optical axis of the projector, corresponds with the Scheimpflug
correction for oblique projection. Unfortunately this correction method do not com-

pensate for optical aberations. The location of the moiré contour fringes is precisely
determined with micro densitometer traces from photographic recordings. Each mea-
surement point has, according to Kawara, an precision 5 pm. Although this point accu-
racy is adequate for clinical practice, the laborious technology requires automation for
widespread use.

We used Kawara's design as a starting point for the development of a computer-assist-
ed topographer that is able to determine the shape of the entire anterior surface of the
eye without assumptions and with equal accuracy in the center and the periphery. The
aim of the study was to test the width and depth of field, validity, and reproducibility of
the developed instrument. At this stage bispherical eye models were used that represent
the broad range of corneal and scleral curvatures.

5.3 Methods

5.3.1 Design considerations

Projection-type moiré technologies have some inherent limitations.

1. The number of contour lines is dependent upon the spatial frequency and the angu-
lar displacement of the gratings used.

2. The spatial frequency of the moiré gratings is limited to the maximum frequency that
allows the plus and minus first diffraction orders to pass the aperture of the projec-
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tor. When a small slit is applied in the projector the spatial frequency of the project-
ed grid is consequently Jow. Kawara used about 12 cycles/mm being about the phys-
ically maximum possible grid frequency with respect to the required depth of field.
By tolerating a blur in the projected image equal to '/, cycle of the projected grating,
the modulation of the intensity is reduced to about 54 %. This arbitrary value was
used as a boundary condition for the calculation of the required aperture dimensions,
in order to obtain a depth of field of 6 mm. The diffraction limit of the projectors can
be calculated by determining the width of the slit necessary for passing the + and -
first diffraction orders of the grating. The calculation, according to Abbe, assumes a
point light source in the projection device. When the dimensions of the light source
are also included in the calculation, a slightly smaller aperture can be used. The area
limited by the mentioned boundary conditions is given in figure 5.3.

3. Moiré contour fringes are only located at depth intervals of 2x or, when two opposed
gratings with the same spatial frequency are applied, of n. This implies a restriction
of the amount of measuring points with respect to the uncertainty in each point.

4. To produce moiré difference contours without ambiguity, i.e., no spurious moiré
fringes, the image to be sampled must have a spectrum that lies totally within the
range of 1/, to 1 Nyquist frequency.

5. The small slit that is required for projecting minute gratings with enough depth of
field make projectors in a sensitive moiré system rather light consuming.

The number of measuring points and, consequently the accuracy of a moiré system can
be extended by applying a scanning grid=. Another method is to shift the object during
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Figure 5.3

Shit width vs spatial frequency of the projected gratings. With 6-mm depth of focus at a 11 imaging ratio, only
the shaded area is available.
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the observations to reveal the local phase representing the local height of the contour
fringes. However, to avoid movement artifacts, exposure times for corneal topography
must be in the order of milliseconds, making it difficult to reveal the phase with a
sequence of recordings. A mathematical technique for local phase reconstruction is the
Fourier-transform method. Phase values can often be obtained, using sophisticated
techniques, with an precision approaching 2n | 1000%. A disadvantage of these tech-
niques is that they require moving parts or a series of phase related exposures. With a
Fourier-transform analysis using only a single exposure, the image reconstruction is
less precise. However, Takeda et. al.s developed a method using only a single exposure
with better than 2n/30 point precision. Applied to height contouring also the sign of the
phase shift can be revealed. This method works best on frequency modulated signals.
However, the amplitude modulation inherent to moiré techniques introduces noise.
Moiré amplitude modulation can be avoided by using two projections separated in time
or by (color)labeling of the gratings for subtraction afterwards. Another possibility is
separation in space, which requires two sensors placed in opposite direction of the pro-
jection axis of one grating.

5.3.2 The device

With the above mentioned considerations in mind, we started to build a topographic
device that could meet the criteria as given in Table 1. This was done at the Maastricht
University in the Netherlands. The prototype instrument we present in this paper is
therefore referred to as the "Maastricht Shape Topographer” (MST).

Table 1.

Reproducibility and accuracy of height data per given area of 3 bispherical eye models. Standard error of the
MST presented as averaged variance and its SD within a set of § measurements per model. Difference in mea-
sured height presented as the averaged difference and 50 over the given area. Mote: values are in micrometers.

Area in Radius Mold Reproducibility: SE MST Accuracy: Difference in Height
{mm) {mm) Microscope-MST

Average (um) SO (um) Average (um) SD (um)

10 7 0.0182 0.0216 -(0.3691 2.9011
10 8 0.0031 0.0017 -0.5509 4.8901
10 9 0.0633 0.0719 0.5479 1.5632
14-19 12 4.6327 8.2248 0.0168 62.4585
14-19 13 3.0249 2.0604 -44.1550 19.8974
14-19 15 0.1891 0.1516 1.0208 13.0182

Figure 5.4 shows an optical schematic of the MST+6. This topographer consist of two lat-
eral telecentric sine-wave grating projectors for the projection of orthoscopic images on
the cornea in conjunction with a central orthoscopic viewing system. A rectangular
diaphragm (RD), of which its long sides run parallel to the lines of the gratings, is placed
in the confocal plane of the orthoscopic projectors. In this way the gratings are project-
ed such that a depth of field of 6 mm with respect to the viewing part is provided. A
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Figure 5.4

Optical schematic of the MST. The flash light in the lateral projectors is filtered by a heat reflecting mirror (HM)
and a long pass interference filter {IF) that blocks radiation with a wavelength longer than 48onm. The sine-
wave grating (PG.) is projected onto the anterior surface of the subject's eye. A vertical slit [RD) serves as the
telecentric diaphragm. A crossed polarizer with respect to the polarizers (P} on the projectors is placed in the
viewing path in order to suppress specular reflection. Further suppression of unwanted light is obtained by a
yellow filter (YF) that is nearly opaque for the excitation light. With dielectric mirrors (DM) the fluorescent light
is guided to the camera while the blue led (BL) is visible for aligning the subject’s eye [see insert). The CCD
camera is connected with a monitor for focusing and a frame grabber {FG) for connection to a PC. The sub-
jects’ eye must be placed in the area where the two projected gratings coincide (indicated with vertical parallel
lines}).

frame transfer CCD cameta, with its optical axis bisecting the angle between the two lat-
eral projectors, records the two sequently flashed images as odd and even line fields
respectively. The time interval between the two images is about 8 ms. The images are
captured by a 512 x 512 pixel frame grabber (FG) and stored in a PC for analyzing. A pilot
monitor (MON) enables rough focusing and centering on the eye. It also displays a com-
posed image after exposure. The lateral projectors have an angular separation with
regpect to the detector of 18°. Each projector contains a 2.5 cycles/mm grating which is
projected on the precorneal tear film with a 11 imaging ratio. Thus, a moiré fringe rep-
resents a depth interval of about 0.65 mm with respect to a reference plane perpendic-
ular on the optical axis of the sensor. The exposure time is determined by a o.1-ms flash
of light generated by a xenon tube in the projector. Between the flash tube {F} and the
grating {PG) a heat reflecting mirror (HM) and an interference filter {IF) are inserted to
restrict the radiation load on the eye to that of the blue-green excitation light. The fluo-
rescent images from the modified grating are guided by two dichroic mirrors {DM), that
reflect wavelengths longer than 500 nm, to the detector. In order to increase the sup-
pression of the excitation light, a yellow barrier filter {YF) is placed in the viewing optics.
Specular reflections are further suppressed by polarizers {P) placed in the projectors in
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conjunction with a crossed polarizer in the viewing optics of the sensor. Without the
polarizers, a local saturation of the CCD sensor causing loss of data may be introduced
by specular reflection. This would prevent unambiqeous phase unwrapping nescessary
for the height reconstruction. The standard UV polarizers were the only components in
the device that affected the etendue (matching of the apertures of an optical system) of
the projectors and recording system. However, for the above mentioned reasons, this
shortcomming was accepted. A blue led (BL) is placed to be able to align the subjects’
eye with the optical axis of the sensor. The independent odd and even frames are ana-
lyzed separately using Fourier techniques, before being combined in a later stage of
the reconstruction process.

A diffuse infrared illumination is added to locate the target area. Exact focussing is per-
formed by triangulation with two diode lasers that are mounted onto the projectors. The
0.5 mW output of these diode lasers is filtered by a 1% transmission neutral density fil-
ter and focussed on the conjunctiva near the limbal area of the subjects eye by an f =
160 mm lens.

The software in the MST for the image reconstruction is based upon Takeda et. al. and
extended for use in the MSTw. The surface shape can be displayed either as a three
dimensional (x, y, ) contour map or as cross-section. As the three-dimensional map-
pings are calculated for Carthesian coordinates, the display can be manipulated to
enhance particular features such as image substraction and reset of the center of the
reconstruction to relocate the corneal apex.

Because of the oblique projection, the peripheral left part of the left projection and the
peripheral right part of the right projection may be out of focus. As both half frames of
the tv-system are used for the reconstruction, the missing information from one half
frame can be compensated by the other frame.

5.3.3. Calibration and validation of the MST

On a computer-assisted submicron precision lathe (Euro Precision Technology), three
bispherical PMMA molds were produced. The total diameter of the molds was 20 mm,
the central part representing the cornea had a diameter of 12 mm. One mold had a
“corneal” radius of 7mm with a “scleral” radius of 13mm. The other two molds had radii
of 8mm/12mm, and gmm/15mm respectively. From the molds impressions were made
with Vinyl Polysiloxane (3M Express™ 7301H) that has the property to show autofluo-
rescence when exposed to blue light. Using this material we obtained eye models that
are entirely fluorescent, without the need for a coating or application of fluorescein. The
model had a flat ground surface perpendicular to the central axis and is fixated in a
micro-bench adapter plate (Spindler & Hoyer). To be able to control rotation exactly, the
adapter plate was placed in a divided circle rotating mount.

As, according to the manufacturer, some dimensional change may occur during the first
24 h after making the impression, the shape of the Vinyl Polysiloxane eye models was
measured one day after molding. To be able to compare MST height values to a solid
standard, measurements on the eye model were first carried out with a Leitz micro-
scope. For this, the eye model in its mount was fixed on the microscope table. The z- and
x-axes of the microscope were connected to micrometers (Haidehahn Metrotaster 30M,
sensor resolution = 0.5 pm). z Axis measurements were performed with a long free
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working distance objective (Leitz UTK 32x / NA = 0.40). The microscope was coupled
to a TV-camera showing a r300x magnified image of the surface of the eye model. In
this way focusing (z-axis) was done at an 8-um diameter area of the model with a focus-
ing precision 1 pm. Guided by the monitor image and the Metrotaster readings, the
highest point of the eye models was found in an iterative z-x and z-y search. On both
sides of the highest point z measurements were taken, thus scanning the whole merid-
ian, at intervals of 500 pm. After the series of measurements along a meridian was
completed, the top was again brought in focus (zero value on the Metrotaster]. When in
that stage more than 1 pm refocusing had to be done, the measurement series was
rejected. Then the mold was rotated 9o® and the measuring procedure repeated.
Because of the contact lens production program of the lathe, the transition area between
diameter 1o and 14 mm could not be defined, and therefore measurements in that area
are omitted. Hence, we used a 10-mimn central area (20 measuring points per meridian)
and a peripheral area extending from 14 to 1gmm (22 measuring points per meridian).
If we use "central” or "peripheral” in the following text, we refer to these figures.
Directly after the measurement with the microscope, five exposures from each model
were made with the MST. Before measuring, the MST wag calibrated on a precision
length caliber. In order to be able to compare the MST and microscope height mea-
suremnents, the same meridians (0-180° and go-270°) were sampled at intervals of 500
um. The height data of the MST are recorded after finding the highest point of the eye
model in a proces simular to that used with the microscope.

The reproducibility of the MST was tested by analyzing the variance among the five
measurements for the three eye models in the center and in the periphery. To compare
height measurements, the average value of the five measurements with the MST in each
point was compared with the value at the same point obtained by the microscope. To
compare radii we computed Axial Radius Of Curvature (AROC) from each measured z
value. AROC values were averaged to obtain one value for the central or peripheral part
of the eye models.

5.4 Results

5.4.1. Accuracy and precision in height

The accuracy and precision in height is given in table 2. The right part shows the aver-
age differences and SD for the central and peripheral parts of the three eye models.
From these data it can be seen that the accuracy in the central 10 mm zone is high and
the differences between the models are small. The data are consistent and do not sta-
tistically differ (Student t-test p >0.05). The 14- to 19 mm peripheral zone shows more
inconsistency. Although the differences for radii 12 and 15 are not significantly different
from the central part data, they do differ significantly (Student t-test p <o.05) from the
data for the 13-mm eye model. Because of the local under exposure caused by the
obstructing polarizers, there is remarkable variation in standard deviations for the
periphery. The interpretation of differences between average differences is difficult.
Also, although the reproducibility of the microscope measurements was within + 1 pm,
the use of the microscope is new and cannot be taken as the accepted “Gold standard”.
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Table 2.

#werages, SD and differences in radius of curvature of 3 bispherical eye models as calculated from the height
data of the microscope and the MST. Note: values are in mm.

Eye Models Difference SD

Mold {r) Microscope (r) MST {1} Microscope-MST RIErGscope MAST

7 6.9903 7.0250 -0.0347 001374 0.01480
8 7.9893 7.9930 -0.0037 0.01191 0.02619
9 8.9256 8.9474 -0.0218 0.03335 0.01346
12 12.0245 11.9846 0.0399 0.04640 0.11998
13 12.9850 12.9261 0.0589 0.00576 0.05266
15 14.9582 14.9492 0.0090 0.01111 0.07565

For these reasons we extended the analysis using the Bland and Altmann methods for
comparing two measuring methods. Fig. 5.5 shows a scatter plot of the average between
the microscope and MST height value against the difference between the two measure-
ments. Note that the right part of the plot corresponds to the peripheral (scleral) values.
The solid line (-0.0083 mm) shows the overall average with a 5% interval of agreement
{shaded area = + 1.96 *0.0034(SD}}. Because of a transition zone between the central
and peripheral curves, measurements between 5 to 6.5 mm from the center are elimi-
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Figure 5.5

Scatterplot of the average between the microscope and MST height values against the difference between the
two measurements. The solid line {-0.0083mm} shows the overall average with 952 interval of agreement
{shaded area).

89



Chiapter

nghz data diam 0-10 mm
0’01\5 ’ P ‘ V"_Tf N —— ] . R

0,01 5

0,005 -

5 -0,005

Mn:msca&e - MST {mm}

-0,015 - B S
0015 0058 0,128 0227 0387 0518 0712 0943 1,257 1,639
Average of Microscope and MST {mm)

Figure 5.6

Scatter plot of the average between the microscope and MST height value against the difference between the
two measurements for the central 10 mm. The solid line (-0.001mm) shows the overall average with g5% inter-
val of agreement (shaded area).

nated. The data show good agreement within the central 1o mm area with more scatter
in the periphery. Fig. 5.6 shows these data in more detail for the central ro-mm {(corneal)
area only. Here the average differenice was -o.coormm, with SD of 0.00344.

5.4.2 Reproducibility

Five sequential operator-independent measurements were made, thus without touching
the eye model or changing the focusing of the MST. The Reproducibility colums of Table
2 show the reproducibility as average standard error (with its SD} for the whole central
and peripheral part of each eye model.

Taken over all eye models, the average standard ervor in the 1o-mm central area was
0.0282 pm (range 0.003 to 0.063) and for the peripheral 14 to 19 mm area 2.6156 um
{range ©.180 to 4.633).

The standard errors show no statistical differences among each other for the individual
eye models at the central 16-mm part (Student t-test, p »>0.03). For the periphery there is
no statistical difference {Student t-test, p >0.05) between the standard error for the 12- and
13-mm eye models. However, both show a statistical difference with the central standard
error values and with the standard error found for the 15-mm eye model {Student t-test p
<0.05).

5.4.3 Conversion of height values in radius of curvature
AROC was calculated using the microscope height value and the mean MST value in each
point {500 pm intervals). Conversion from height to radius from small sagitta values may
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introduce significant error due to the reciprocal relationship between curvature and sag.
Therefore, in the central area radii were computed from a point 2 mm from the center,
The computed AROC values were then averaged over the area. The variation is given as
standard deviation. The same method was used to calculate peripheral radii over an area
of 7.0 to 9.5 mm from the center. The results are shown in Table 3. Average reconstruc-
tion precision of the radius of curvature of the MST compared to the microscope was
o.o155 mm for the central 10 mm and o.0313 mm in the periphery (14 to 19 mmy]. The
central {corneal) radius of curvature reconstruction precision may be expressed in
diopters. Assuming an index of refraction of 1.3375, the precision 0.08 D.

5.4-4 Depth of field

The entire corneal surface and adjacent tissue can be measured, limited by either the
depth of field or the angle of view of the device. For a sine wave projection with a 400 um
period as used in the MST, the depth of field exceeds 6 mm, allowing a significant part of
the scleral-conjunctiva tissue to be in focus. Fig. 5.7 shows a cross-section height profile
of an eye model and fig. 5.8 shows a cross-section height profile of the anterior eye of one
of the authors. The limbal transition area of the eye model separates two bispheric curves.
The in vivo limbal transition separates the smooth corneal surface from the more irregu-
lar scleral-conjunctiva surface. Also the nasal/ternporal assymetry can be seen.

5.5 Discussion

A height measuring device, like the MST, has the advantage that the primary data

A T ——

Figure 5.7
Cross section of the surface of a bispherical eye model. Mote: x, y, 2 ratio has been changed for llustrative pur-

pose.
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Figure 5.8
Cross section of the anterior surface of the right eye of one of the authors. Note: x, y, z ratio has been changed

for illustrative purpose.
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Figure 5.9
Enlargement of a horizontal cross-section of the surface of a living eye. Height values at pixe! level are shown

for the central part of 1 mm. Note x,.z ratio has been changed for illustrative purposes.
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obtained are non parametric {model free). In the MST the number of measuring points
equals the number of pixels of the CCD sensor. A lateral resolution equal to the resolu-
tion of the sensor can be obtained. The accuracy and precision of the MST depends on
the characteristics of the sensor, the spatial frequency of the gratings, and the calcula-
tions to reconstruct the topography. The pixels are correlated using a Fourier transform-
based reconstruction algorithm, similar to that of Takeda et als. In this way it is possi-
ble to guarantee pixel resolution. This is illustrated in fig. 5.9, showing an enlargement
of the central -mm area of the o to 180° meridian of a living eye. If precision is high
throughout the field, the use of subpixel resolution techniques could be of interest to
increase local discrimination of shape.

The prototype MST was made of standard components with small diameter polarizers
that affected the etendue of the viewing system. In this way some vignetting was intro-
duced that caused poor SNR values for the peripheral measurements (Table 2). To solve
this technical problem, custom made polarizers could be used. An other possibility
could be the use of a combination of excitation- and barrier filter that have a higher
capacity to block the disturbing specular reflection.

Our aim in this study was to validate the MST on the ability to measure height with a
large field. For this reason, we restricted measurements to bispherical models repre-
senting the entire surface of the eye. On purpose we did not include aspherical and
irregular eye models, in vivo measurments and inter-observer variability at the present
stage. We realize, however, that this should be subject to investigation in further valida-
tion and reprocibility testing of the device. This should also include other means of pre-
sentation of data like instantaneous radius of curvature, corneal peripheral flattening,
astigmatism and irregularity indices.

We have analyzed the data with the standard Student t-test. This follows the method as
described by Hanusch et al.i» From statistical theory, however, it can be argued that the
variance at the center and the periphery of the eye models may not follow a normal dis-
tribution. An analysis of variance on all data did not show any other conclusions than
the Student t-test method. A more sophisticated analysis using the multi variate nature
of data according to Viana et al.>e and incorporating more measuring points could pos-
sibly resolve this statistical problem. We did not apply this method in the present
research because by resolving the technical problem of vignetting as outlined before, the
difference in central and peripheral height accuracy would probably be eliminated.
Furthermore the prototype of the MST as described in this research has been the basis
of a new version under the name "Euclid". In this version technical problems as
described here are taken into consideration.

5.6 Summary

With the MST, unambiguous shape measurements of the models representing the
anterior eye surface were possible.

The MST has a depth of field of 6 mm, and is able to measure height over the entire 20-
mm field. This feature enables the device to measure not only the entire corneal surface
but also the limbal and scleral-conjunctiva surface.
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This research shows that for the central area of 10 mm the prototype of the MST has
sufficient accuracy and precision. For the periphery the device in its present state works
satisfactorily in terms of radius but could be further improved on peripheral height
accuracy.

Because the MST offers the possibility of extended surface topography measurements
over a large field of the anterior eye, its use could be advantageous in cases where shape
is of paramount importance, e.g. in (scleral) contact lens fitting and refractive surgery.
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Clinical evaluation of the Maastricht shape topographer

6.1 Abstract

To investigate the clinical value of the height measuring Maastricht Shape Topographer
(MST) a multicentre clinical evalution was performed. Compared with a Placido disc-
based CAVK, the TMS-1, the MST performed better in height topography of irregular
surfaces due to pathology as well as corneal surfaces immediately after refractive
surgery. The larger surface area that could be measured with the MST, compared to
Placido disc based CAVKs, turned out to be advantageous in morphological measure-
ments of the entire anterior eye.

6.2 Introduction

Three devices were constructed for a multicentre trial. One device was tested in the eye
clinic in Maastricht, another in Amsterdam {Academic Medical Centre) and Rotterdam
(Eye Hospital Rotterdam), and one was sent to London (St Thomas' Hospital).

The clinical evaluation in London led to a full paper by MC Corbett et al. This paper is
reproduced and included in this chapter. Some remarks concerning further develop-
ments are given.

6.3 Corneal Topography using a New Moiré Image-based System

Melanie C. Corbett, FRCS, David P.S. O'Brart, FRCS, Bertho A.Th. Stultiens, BSc, Frans
H.M. Jongsma, John Marshall, PhD-

Eur | Implant Ref Surg 1995;7:353-370
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Chapter 6

Abstract

Aim: To describe a new device, the Maastricht Shape Topographer (MST}, which uses
the principle of moiré interference, to measure corneal shape.

Methods: The Maastricht Shape Topographer (MST) projects two sinewave gratings onto
the tearfilm in quick succession, and by Jocal analysis of grating intensity in the image
so formed, reconstructs the true corneal shape in terms of height from a reference
plane. A total of 262,144 data points are measured in an area 21.5 x 14.5mm>. During a
one year period, patients referred for topography had measurements made by the MST
and a videokeratoscope. Three cases were selected to demonstrate the advantages of the
MST.

Results: Image acquisition by the MST was straightforward, with alignment and focus-
ing being of less importance than in videokeratoscopes. It provided detailed topograph-
ic information from the whole corneal area, and from irregular or non-reflective sur-
faces. The initlal reconstruction of the true corneal shape was expressed in terms of
height, from which measurements of slope, curvature and power were derived directly.
Conclusions: Height reconstructions made by the MST are particularly useful in certain
corneal pathologies and in evaluating the corneal profile after photorefractive keratecto-
my. Measurement of the ablation surface immediately postoperatively is essential in the
study of ablation profiles and postoperative wound healing.

Introduction

Over the last four centuries the development of new techniques for studying corneal
topography has been driven by progressive changes in the type of information sought.
In the 16th and 17th centuries, scientific curiosity lead early investigators to become
interested in the cornea and its shape. The first measurements of anterior corneal cur-
vature were made by Scheiner in 1619:. He held a series of convex mirrors of different
curvatures next to the eye until he found one which gave an image of the same size asg
the image reflected from the cornea.

It became apparent that for good vision, the surface of the cornea should be smooth and
regular, and that an image reflected from it should be undistorted. In the 1820’s Cuignet
developed a keratoscope through which he observed the reflected image of an illumi-
nated target held in front of the patient's cornea. Perhaps the most well-known system
that designed by Placido on 1880, which clearly demonstrated the presence or absence
of surface irregularities= It consisted of a disc bearing alternating black and white con-
centric rings; and this pattern still forms the basis of many topography systems today 3.

Quantification of corneal curvature became possible in 1854 with the development of
the keratometer (ophthalmometer} by Helmholtzs. His device measured the distance
between the images of two pairs of objects {mires) reflected from the cormneal surface.
This gave the spherocylindrical curvature of the central 3mm of the cornea, in two per-
pendicular meridia. In order to increase the area of cornea analysed, Javal (188¢g)
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attached a Placido-type disc to his keratometer (keratoscopy), and by photographing the
image obtained, Gullstrand (1896) was able to measure the size of the ringsé. The sim-
ple curvature information obtained by such devices was appropriate for contact lens fit-
ting.

With the development of microsurgical techniques for cataract extraction, corneal graft-
ing and incisional refractive surgery, interest turned to the optical power provided by the
corneas+. Measurements of corneal curvature can be converted to diopteric power using
the standard keratometric indexs». This figure is derived from a number of approxima-
tions and extrapolations®. 1t combines the refractive index of the cornea (which is
assumed to be uniform throughout its layerss), and the negative power of the posterior
corneal surfacew,

Recent years have seen the introduction of excimer laser photorefractive keratectomy
{PRK), in which a precise depth of tissue is removed from the anterior corneal surfacer.
For this type of surgery, it is more appropriate that corneal topography should be able to
measure the true shape of the cornea, in terms of its height, or elevation'z. Such mea-
sures would enable accurate preoperative programming of the depth of tissue to be
removed, and assessment of the shape changes caused by wound healing after surgery.
From this basic data, corneal slope can be accurately calculated and used to provide
corneal curvature or power if required for other applications.

Keratometry, keratoscopy and the techniques derived from them all utilise the principle
of reflections, and therefore have a number of inherent limitations. Firstly, they map the
corneal surface in terms of slope, and not height. This is because they use the corneal
surface as a convex mirror, and view the first Purkinje image. This virtual erect image is
formed behind the cornea, in the anterior chamber, almost at the level of the anterior
lens capsule. The size of this image is dependent upon the slope of the corneal surface:
the steeper the slope, the smaller the radius of curvature, and the smaller the image. In
devices using Placido-type discs, the rings follow lines of equal slope. These lines of
equal slope will not necessarily follow the same pattern as contours joining points of
equal height. For example, in a keratoconic eye with the cone placed inferiorly, a point
rmm above the centre may have the same height (elevation above a reference plane), as
a point 3nmm below the centre, but the inferior point will have 2 steeper radius of cur-
vature. Therefore the two points will lie on the same height contour, but not on the same
slope contour. This limits the usefulness of conventional reflection-based techniques in
PRK and certain corneal pathologies.

The second limitation of techniques relying upon reflection, is that no useful image can
be obtained from non-reflective surfaces. This precludes their use in the absence of the
epithelium, such as immediately after PRK; and when the epitheliurm loses its reflectiv-
ity, as when oedematous or in band keratopathy and various scarring processes. Thirdly,
little quantitative information can be obtained from irregular corneas as it becomes dif-
ficult to distinguish the individual rings; for example over ulcers, nebulae, scars and
peripheral thinning. The spherical bias inherent in several of algorithms alse con-
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tributes to errors in the reconstruction of irregular surfacess.

Fourthly, techniques using the principle of reflection cannot make accurate measure-
ments from the whole corneal surface. They fail to take measurements from the very
centre of the cornea, which is optically the most important area, and sensitivity is
reduced towards the periphery«-6, Neither can information be obtained from the paral-
imbal cornea, which is the site of 2 number of surgical incisions, and pathologies such
as peripheral corneal thinning and melts.

This paper describes The Maastricht Shape Topographer (MST) which is a new
device developed to overcome these limitations in the principals employed by conven-
tional videokeratoscopes. The results of topography performed in specifically selected
clinical cases will be shown, to determine whether the instrument can achieve this aim.

Materials & Methods

Optical Principles

The MST used the principle of projection rather than reflection. An image was formed
on the surface of the tearfilm in the same way as a slide is projected onto a screen. In
contrast to systems using reflection, which measure surface slope, measurements were
made in terms of elevation above a mathematical reference plane. The contours there-
fore followed lines of equal height, rather than lines of equal slope.

Projection techniques have been used in industry for sizing machine parts and depth
perception in robotics. Medical applications include measurement of bedy parts in plas-
tic and reconstructive surgeryw-$. Application of the technique to the cornea was com-
plicated by two factors. Firstly, the cornea is normally transparent and therefore trans-
mits light, resulting in a low signal. Secondly, light is reflected by the surface of the
tearfilm, resulting in high noise. For the projected image to be visible, it had to be inten-
sified by improving its signal-to-noise ratio. In the early days of corneal topography, the
noise wasg reduced by applying talcum powder to convert the reflecting tear fluid to an
opaque surface. Obviously the application of talcum powder was unacceptable in clini-
cal practice, so attention was turned to increasing the signal. This was achieved by
adding fluorescein to the tearfilm to provide image enhancement:8.9,

There are two methods currently available for analysing a projected image to provide
topographic information. The first is rasterstereography or rasterphotogrammetry in
which a grid projected onto the tearfilm surface is imaged from a known angle:8.20.2,
The topographic elevation is calculated from the displacement of components within
the grid image when projected onto the corneal surface, compared to their known posi-
tion when projected onto a flat surface. The rasterstereography systems currently avail-
able use a square-wave grid, so the number of data points provided by this method is
limited by the number of lines.
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The second technique involves the analysis of moiré interference patterns::s (Fig. 1).
Moiré interference occurs when two sets of parallel lines are superimposed at different
orientations, as seen, for example, when two net curtains overlap. When parallel grat-
ings (Fig. 1A) are projected obliquely onto a cornea, the image on the corneal surface is
a series of parallel lines, curved in a similar manner to that seen when using a slit lamp
beam {Fig. 1B). Gratings projected from the nasal and temporal sides produce images
curved in opposite directions. Addition of these two images results in moiré interfer-
ence which generates ring-shaped interference fringes visible on the corneal surface
(Fig. 1C & 2). These fringes follow contour lines representing points of equal height
(Fig. 1D), and can be viewed directly without recourse to mathematical assumptions or
computations=1s, 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.

The MST optimised topographic analysis by combining elements from both raster-
stereography and moiré interference. The number of data points was further increased
by the use of sine-wave gratings rather than square-wave gratings. In a sine-wave grat-
ing, the intensity varies across each line with a known distribution, whereas in a square
wave grating, only the borders of each line can be located. Fourier analysis of a sine-wave
grating enabled all the points of the image to contribute to the reconstructions22.
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Figure 1.

Diagrammatic representation of the generation of mairé interference fringes. The Maastricht Topographer pro-
jected parallel sinewave gratings (A} down its right and left lateral arms. The light approached the cornea
abliquely, and therefore the lines of the grating images formed on the corneal surface appeared curved (B}.
Addition of the two images resulted in moiré interference (C), in which the ring-shaped interference fringes fol-
lowed contour lines representing points of equal height (D).
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The Device
The MST device consisted of (Fig. 3):

1. Customised hardware composed of:
a) Two lateral arms along which light is projected on to the cornea;
b} Central body housing a CCD camera for recording the corneal image;

2. Slitlamp table on which the above component can be manoeuvred by means of a joy-
stick;

3. Television monitor displaying video images of the cornea;

4. Frame grabber to capture single images;

Computer (486 DX personal computer) on which images are stored and analysed.

T

The two lateral arms of the MST had an angular separation in the horizontal plane of
36° (Figure 4). Each contained a sinewave grating of 2.5 line-pairs/mm which was pro-
jected onto the tearfilm by a flash of light generated by a xenon flash tube. Between the
flash tube and the grating a filter was inserted to limit the spectral emission to between
380 to goonm. The illumination sources each emitted a single pulse of 10opsec dura-
tion, with a delay of 8msec between that from the right and the left arms. It was essen-
tial to be able to capture independent images for subsequent analysis, but the time
between pulses was minimised to reduce the likelihood of misalignment of the two
images due to intervening eye movement. Independent images were required so that
the grating pattern of each could be analysed separately using Fourier techmiques2.,
before being combined in a later stage of the reconstruction process.

As previously stated, in order to enhance the signal-to-noise ratio, sodium-fluorescein
was applied to the tear film. In a similar manner to cameras employed in fluorescein

Figure 2.

Circular moiré interference patterns on the corneal surface formed by the computerised addition of two
sinewave grating images. The fringes follow lines of equal height, but as there are so few, detailed shape infor-
mation is provided by computer analysis of the two individual images.
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Figure 3.

The Maastricht Shape Topographer (MST) consisted of two lateral arms (white} and a central body (blue)
meunted on a slitlamp table. The patients sat at the far side with their head positioned against the strap and
chin rest. The MST was connected to a video monitor, frame-grabber and computer.

Figure 4.

Optical schematic of the Maastricht Shape Topographer (MST). The two lateral arms projected sinewave grat-
ings on to the corneal surface; the images of which were recorded by a camera in the central body, The two arms
have an angular separation of 36° in the horizontal plane. Light from a xenon flash tube (FT) was reflected by a
concave mirror {M) and passed through a collimating lens (L), excitation filter {FE} and sine wave grating (C}).
A convex lens [L2) projected the light through a slit (S1) which selected zero and first order. Two further lenses
{L3 and L4) projected the grating orthoscopically through a polarising filter (P) onto the surface of the eye (E}.
Light emitted from the fluorescein in the tearfilm passed through polarising (P} and barrier filters (FB}. A lens
{L5} projected the light onto a slit to improve the depth of focus, and two further lenses (L6 and L7) formed the
objective for the CCD camera {C).
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angiography, the MST incorporated excitation (380-48onm) and barrier (> 48onm) fil-
ters to optimise observation of the image. The final image was further enhanced by the
use of polarising filters to reduce degradation due to reflections.

The CCD camera was housed in the central body of the MST. Its axis bisected the angle
between the two lateral arms. It recorded separately the image of each of the two grat-
ings. The temporal separation of the flashes was timed in such a way that the frame
grabber recorded the images on the first and second halves of a TV frame. This can be
visualised as being recorded on the odd and even scan lines. Each pixel represented a
point on the cornea. There were 512 x 512 data points (total of 262,144, each with 256
grey levels) in an imaged area 21.5 x 14.5mm-= when the cornea was in focus, giving a lat-
eral resolution of 42 x 2g9ume. This was independent of the distance from the cornea,
because firstly, the imaging system received parallel light=> and secondly, the cornea was
focussed at a fixed distance from the camera. The precision of the height measurement
at any individual pixel was spm, but when the height of each point is analysed with
respect to the overall corneal shape, the precision can be improved to better than pm.
The depth of focus of the total imaged area is greater than 6mm. This enables the whole
cornea to be imaged, from apex to limbus.

Disturbances occasionally occurred within the image due to the reflection of light from
the cornea or iris. These were minimised by using digital filters and redundancy tech-
niques. Such techniques also allowed enhancement of images where part of one of the
pair is poore.

The corneal shape determined the spacing, orientation and position of the grating lines
imaged on its surface, and therefore the measured image was a modulated function of
the projected grating. Addition of the two grating-images produced moiré interference
patterns (Fig. 1 & 2) in which the zero-crossings corresponded to corneal points of equal
height. However, the rings of the moiré interference pattern were considerably wider
apart than were the lines of the gratings from which they arose, and therefore they alone
cannot be used to make a detailed reconstruction. Since the recorded images were a spe-
clal case of phase-modulated gratings, an alternative means of reconstructing the
corneal surface was possible. The corneal height modulated the phase and frequency of
the grating, and therefore a modified phase demodulation algorithm using fourier tech-
niques could reconstruct the corneal surface in detailaz2a,

The surface shape could be displayed with current software in three different forms, typ-
ical examples of which (to be described later) are illustrated:

1. two-dimensional contour map {Figure s5c¢),

2. three-dimensional wire net (Figure 5d),

3. cross-sections obtained from any part of the image at any axis (Fig. 7d).

These representations required less experience for their interpretation than did the
maps of videokeratoscopes, because the contour lines were the same as those on a geo-
graphical map.
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Figure 5.

Corneal topography taken by the TMS-1 videokeratoscope (a,b) and Maastricht Topographer (¢-f) immediately
after -6.00D 6mm excimer laser photorefractive keratectormy. In the absence of a refiective corneal surface, the
quality of the mires on the videokeratograph (a) was too poor for any meaningful topographic information to be
obtained from the colour-coded map (b). I contrast, the Maastricht Topographer was able to accurately measure
the true corneal shape in terms of height (mm) above a reference plane, as shown by the two-dimensional {c) and
three-dimensional {d} reconstructions. On the two dimensional map, the x and y axes give the coordinates of the
pasitions of the corneal points, in mm relative to the centre. The position of the centre may be relocated manu:
ally. On the three-dimensional map, the axes are marked. On both maps the scale gives the corneal height (z-axis)
in mm. Subtraction of the postoperative from the preoperative corneal height generated difference maps (g,f).
The two-dimensional difference map (e} shows the change in corneal height, and is plotted using a colour-scheme
similar to that of the TMS-1. The cross-section (f) showed the ablation profile. Removal of the epithelium (about
Goum) and ablation of the underiying stroma (78um) gave a maximum change in height of 14oum. The irregu-
larity of the surface was caused by mucus and epithelial debris in the tearfilm.
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The display could be manipulated to enhance particular features. Reconstructions could
be subtracted from a sphere to accentuate surface asphericity. Alternatively, one recon-
struction could be subtracted from another to show change in shape of a single cornea
over time, for example, as a result of surgery (Fig. se & f). The centre of the reconstruc-
tion could be reset to relocate the corneal apex.

Having obtained the definitive shape of the cornea, maps of the surface slope (Fig. 6¢)
and radius of curvature (Fig. 7¢) were directly calculated. These accentuated the appear-
ance of local irregularities of the corneal surface. As in keratometry and keratoscopy,
radius of curvature could be converted to diopteric power using the Standard
Keratometric Indexss, but as in other devices, this included estimates of the corneal
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Figure 6.

Topography of a cornea with keratoconus measured by the TMS.1 videokeratoscope (ab) and Maastricht
Topographer {c}. The videokeratoscopy mires (A) were narrowed inferiorly In association with the apex of the
cone, and were highly distorted just superior to the centre of the cornea due to the presence of two proud nebu-
lae. The colour-coded contour map (b} correspondingly showed inferior steepening, but no information could be
obtained from the areas where the mires were too distorted. In cortrast, the Maastricht Topographer (MT) was
able to reconstruct the irregular surface in detail (c). In order to highlight the irregularities, the topography was
plotted in terms of surface slope, and a high-powered view concentrated on the central cornea. The x and y axes
give the coordinates of the positions of the corneal points, in mm relative to the centre. The scale gives the corneal
slope (o = horizontal, 1 = vertical). The slope of the cornea was almost horizontal over the apex [A) of the cone.
It then became increasingly vertical more peripherally, although it remained relatively horizontal over the two neb-
ulae {N).
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Figure 7.

Topography of a cornea with Terrien's marginal degeneration measured by the TMS-1 videokeratoscope (a,b) and
Maastricht Topographer (c.d). Peripheral corneal thinning caused a gutter which was most marked between 60°
and 135° on the superior cornea about 1mm from the limbus. On the videokeratograph (a) the left hand end of
the gutter could be seen as an area in which the mires became fused and indistinct. The colour coded map (b)
provided accurate information about the optical effect of the peripheral changes on the central cornea, but pro-
vided no data about the topography at the site of the pathology in the paralimbal area. In contrast, the Maastricht
Topographer obtained data from an area 21.5 X 14.5 mm. The radius of curvature map (c) accurately located the
position of the gutter (G). A cross-section (d) of the corneal shape (height, mm) through the affected area (g0”,
red) compared to one through an unaffected area [0°, black) showed that the gutter was 1.5mm wide and 175um.

deep.
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refractive index and the posterior corneal curvature, and assumed that the cornea is
spherical.

Image Acquisition

One drop of Fluorescein 1% was routinely applied to the tear film immediately prior to
image acquisition. The patient then fixated the blue target light in the body of the
machine, and in so doing, aligned their visual axis with the videocamera.

Focusing was achieved by the operator superimposing the images of two helium-neon
aiming beams on the limbus. This was performed as a two-stage procedure. Initially
rough focusing was obtained by directly viewing the images of the lasers on the tearfilm.
The operator then turned to the television and approximately centred the cornea on the
screen.Fine focusing was then performed whilst viewing the television screen, by means
of the joystick. To avoid distortion and degradation of the diagnostic image, the beams
of the focusing lasers were automatically occluded during capture of the video images.

In an early prototype of the M ST, visible radiation was used to illuminate the eye during
focusing and alignment. In individuals with lightly-pigmented irides, reflection and
back-scattering of light from the iris surface produced distortion of the grating image.
In order to avoid pupillary constriction and minimise the effect of iris pigmentation, the
use of infrared radiation was introduced with a videocamera sensitive in this spectral
domain.

Clinical Cases

During a one year period, patients referred for topography from the corneal, refractive
and general clinics had measurements made with both the MST and the TMS-1 videok-
eratoscope (Computed Anatomy). Three cases have been selected to demonstrate the
performance of the MST in situations where the information provided by a convention-
al videokeratoscope was inadequate:

1. Immediately after PRK.

2. Keratoconus with two proud nebulae;

3. Terrien's marginal degenerationzs;

Results

Image Acquisition and Analysis

The acquisition of images was straightforward and usually took less than one minute.
Focusing and centration was much less critical for the MST than for videokeratoscopes.
In some patients with lightly pigmented irides, accurate information could only be
obtained over the pupillary area. In the few of those with naturally small pupils, it was
sometimes necessary to resort to mydriatic agents to enable the paralimbal cornea to be
reconstructed.
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One disadvantage of the current system was the inadequacy of the computer, which
required about three minutes to reconstruct the topography, then took a further minute
to make the slope and curvature calculations.

Clinical Cases
The following three cases highlighted specific advantages of the MST.

Case 1 (Fig. 5)

Immediately following PRK, the exposed stroma with limited fluid coverage constituted
a poorly reflecting surface. As a result, no useful information was obtained using the
TMS-1 videokeratoscope, but image acquisition by the MST was facilitated. The MST
reconstructed the elevation of the cornea from a reference plane, in millimetres, and
represented it by two and three dimensional maps. Subtraction of the postoperative
topography from the preoperative data showed the depth and profile of the tissue
removed by the excimer laser. Subtraction of the immediate postoperative topography
from subsequent images was used to quantify the wound healing responses.

Case 2 (Fig. 6)

In the patient with keratoconus, the apex of the cone was inferiorly, and just above it,
were two proud nebulae. In this area, the TMS-1 videokeratoscope could not distinguish
the individual rings of the mires, so the reconstruction was was missing or inaccurate,
In contrast, the MST could reconstruct the irregularities in detail, to show the position
of the apex of the cone, and the presence of the two nebulae. The appearance was accen-
tuated in two ways. Firstly, the topography was represented in terms of corneal slope,
which is the first derivative of corneal height. Secondly, the zoom function was used to
provide a high-powered view of the area of interest.

Case 3 (Fig. 7)

In the patient with Terrien's marginal degeneration, peripheral corneal thinning had
caused a gutter about imm from the limbus, which was most marked between 60° and
135° on the superior cornea. The TMS-1 videokeratoscope accurately determined the
optical effect of the peripheral pathology on the central cornea, but could not obtain
topographic data from sufficiently far peripherally to reconstruct the gutter. The MST
made measurements from an area 21.5 x 14.5 mma, which includes the optical axis and
the limbus; and the accuracy of the reconstruction was approximately uniform across
this whole area. Therefore the full extent of the peripheral gutter was mapped, and itg
effect on the central cornea also demonstrated. Cross-sections of the corneal height in
the affected and unaffected meridia showed the exact location and profile of the gutter,
In the vertical meridian, the gutter affected an annulus 4.25mm to 575 mum from the
centre of the cornea. It was r.ymm wide, and rysum deep. Serial measurements accu-
rately monitored the course of the condition.
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Discussion

Although videokeratoscopy is becoming a widely available technique for measuring
corneal topography, it is perhaps timely to reevaluate what is required from topography
systemns, and the ability of current systems to fulfil these needs. Systems vary in the fea-
tures which they incorporate, but their value should be assessed in terms of the bene-
fits that they confer in the clinical and research settings.

The shape of the corneal surface can be described in a number of ways, some of which
result directly from measuretnents of the corneal surface, and others of which can be
calculated from these valuess6. The two direct measurements in common clinical use
are the surface height (measured by the MST, and rasterstereography, holography and
interferometry techniques) and the surface slope (used by videokeratoscopes to measure
radius of curvature):®. Slope (and therefore radius of curvature) can be calculated from
height measurements, but the reverge is not true. This is because slope is the first deriv-
ative of height, but direct measurements of slope do not contain information about the
position of the measured slope in the z-axis. Once measurements have been made by
either of these methods, mathematical computation can be used to express the results
in terms of corneal power, curve-fitting equations, wave front analysis, surface irregu-
larity, surface asymmetry, etc. The limitation of using these derivatives is that they make
a number of approximations and assumptions which reduce the accuracy with which
they represent the original datas»s.

To date, corneal topography has been largely used in patients undergoing surgery
involving the cornea. Applications include preoperative screening and planning of
surgery, and postoperatively, the routine management of patients and the diagnosis of
problems. It has been claimed by some to be of limited value, and by others to be a
necessity=t. Corneal topography certainly provides more information about the corneal
surface compared to the traditional techniques of refraction, pinhole and hard contact
lens acuities, keratometry, Placido disc examination and photokeratoscopys. However, it
is important to consider for each application, how much information is required, how
the measurements should be made, and in what form the results are best presented.

Height versus Curvature Measurements

First we will consider whether radius of curvature as provided by videokeratoscopes is
sufficient, or whether measurement of corneal height is necessary, in a number of dif-
ferent clinical situations. The aim of preoperative screening is to detect irregular astig-
matism, subclinical keratoconus and contact lens warpage in an eye that appears nor-
mal when examined by traditional methods@sse. These conditions can be adequately
detected by measurements of corneal curvature; and although this requires the analysis
of more than the four points provided by keratometry, considerably fewer points are
probably required than provided by videokeratoscopes. In contrast, the planning of
surgery requires detailed reconstruction of the corneas. The mapping of astigmatism,
for example prior to astigmatic keratotomy or cataract extraction, can again be per-
formed by measurement of radius of curvature. However, the corneal height is more
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important in irregular corneas when knowledge of the true corneal shape is required.
Examples include: phototherapeutic keratectomy (PTK) when a precise height of tissue
needs to be ablated to make the corneal surface smooth; the fitting of therapeutic con-
tact lenses when the posterior lens surface has to encompass all protuberances on the
anterior corneal surface; and perhaps in the grafting of asymmetric corneas, such as in
keratoconus.

Postoperatively, the routine management of patients, such as suture adjustment,
requires only location of the astigmatisms:, which can be performed with sufficient
accuracy using measurements of radius of curvature. The diagnosis of postoperative
problems can also frequently be made using radius of curvature, for example a decen-
tred optical zone following photorefractive keratectomysss, or a multifocal cornea fol-
lowing radial keratotomy (RK)s3¢. However, quantification of these abnormalities, such
as the extent of the decentration or irregularities of wound healing after PRK, are more
accurately performed using a height-based system.

Measurement of corneal height is of considerably more value than radius of curvature
in a number of research fields. The surface of the normal cornea is known to be very
complex?, but measurements of corneal height will map its true shape and its normal
variations. It will also help in the understanding of the correlation between corneal
topography and visual functionsé38, Knowledge of the true corneal shape is important
when developing or modifying surgical procedures, such as epikeratophakias, relaxing
incisions+e or wound construction in cataract surgerys4,

One field in which it is essential to measure corneal height, is photorefractive keratec-
tomy. The refractive outcome of this procedure 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 surface during wound healing=. Corneal height measured
immediately postoperatively provides information about the spatial uniformity of the
excimer laser beam, and the profile of the ablation. Subtraction of the immediate post-
operative topography from subsequent maps quantifies new tissue production at inter-
vals during the healing process#. Measures such as these are important in characteris-
ing the wound healing response, and objectively comparing the results of different abla-
tion profiles or postoperative drug treatments.

Now that it is possible to measure the true corneal shape in terms of height, the appli-
cations of the excimer laser could be extended to include the treatment of irregular astig-
matism. The corneal shape map could 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 than the lower areas, thereby creating a
more spherical or normally-shaped surface. This technique would be particularly useful
in the retreatment of decentred ablation zones, and conditions such as keratoconus.
However, such cases require symmetry in the wound healing processes if these shape
changes are to be maintained.
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At the present time, the use of topography in contact lens fitting and corneal pathology
is of secondary importance to its role in corneal surgery. In the case of contact lens fit-
ting, this is probably because keratometry provides an adequate measure of corneal cur-
vature in the majority of cases. However, in complex cases with irregular corneas (for
example the case of keratoconus with two nebulae described earlier), more detailed
information may be required, and this includes a knowledge of the true corneal shape
measured in terms of height.

Topography may be seldom used in cases of corneal pathology because the information
about radius of curvature currently provided is of little use in patient management. In
irregular corneas such as these, height information is more useful, as demonstrated by
the case of the peripheral corneal thinning. Monitoring of a condition over time (for
example the size or depth of a gutter or ulcer) can guide management decisions,
although in many cases, the clinical signs will still be of major importance.

Measurements of Irregular & Non-reflective Surfaces

A second reason for the limited application of videokeratoscopy to corneal pathology is
that the technique can not obtain useful information from irregular or non-reflective
surfaces. A projection-based system such as the MST is therefore required to determine
the true morphology of 2 number of corneal pathologies, and may give us some insight
into their nature and progression.

One important benefit arising from the ability of MST to make measurements from
non-reflective surfaces, is the information obtained about the corneal surface immedi-
ately after photorefractive keratectomy. This is necessary in any topographic investiga-
tion of ablation profiles or postoperative wound healing. It could potentially also provide
a means of measuring the shape of the corneal surface during the ablation procedure
itself and during other surgical proceduress-6. This may be useful in the tailoring of
treatments to individual patients.

Number and Position of Data Points

Although the accuracy of a system depends to some extent on the number of data points4,
this must be balanced by the time taken for analysis, and the cost of the equipments. Any
systern should therefore aim to use as few data points as is dinically necessary. However,
as demonstrated during the development of visual field technology+$, the appropriate
number of data points and their optirnum position is not always easy to determine+. The
central cornes is obviously the area with most influence on visual function; but the
peripheral cornea is a common site for surgical incisions and corneal pathology.

No measurements are made from the very centre of the cornea by either keratometry or
videokeratoscopys. These techniques may therefore fail to detect the presence of small
surface irregularities which could have a dramatic impact on vision. Neither can they be
used in the detailed study of the optical zones induced by refractive surgery. In contrast,
the MST can easily image this visually-important area by projecting a grating onto its sur-
face.
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Keratometry uses four points on an annulus about 3mm in diameter, to measure the
corneal curvature in two perpendicular meridians. This information is frequently suffi-
cient for contact lens fitting7, and in straight forward cases, is used to calculate the
power of intraocular lensesse.

Most videokeratoscopes have 15-38 rings, whose image positions are analysed along 256-
360 meridia, giving a total of 6,000 to 11,000 data points within an area 1rmm in dia-
meters. Preoperative screeningzss° and the routine postoperative management of
corneal suturess' probably require simpler equipment with fewer data points covering
the same area; whereas for planning the site of incisional surgery, the detail provided is
appropriate. The MST uses 262,144 data points, from which very detailed reconstruc-
tions can be made, but more work needs to be performed to determine which points can
be disregarded if less detail is required.

As surgical technology improves and there is greater interest in the technique, as well
as the site of wound construction, it is becoming increasingly important to be able to
study the shape of the corneal periphery. For example, there is still much debate con-
cerning how radial keratotomy wounds exert their effectss, and the mechanics of the
increasingly large variety of incisions used in cataract surgery+-4. These applications of
corneal topography require that, firstly, measurements are made from the peripheral
cornea, and secondly, that the reconstructions made from those measurements are suf-
ficiently accurate.

Videokeratoscopes measure the power of spherical test objects with an accuracy of
©.25D within an area equivalent to the central 70% of the corneal surface; but their accu-
racy falls off peripherallyss. When measuring radially aspheric surfaces, which are more
representative of the normal cornea, accuracy declines very fast in the periphery, drop-
ping to below 3D outside a 4mm radius+. This occurs as a result of the spherical bias in
the assumptions used when calculating the tangential (global) radius of curvaturess
The peripheral accuracy of videokeratoscopy may be improved by the development of
new algorithmsss4, shape fitting (for example, subtracting the corneal shape from a
sphere)2, calculating the instantaneous (local) radius of curvatures, or by matching
mathematical equations to the corneal shape. The MST has two advantages over video-
keratoscopes in this respect. Firstly it images an area 21.§ x 14.5 mm2, and therefore
makes measurements from the entire corneal surface, including the limbus. Secondly
the accuracy of the reconstruction is approximately uniform across this whole area,
thereby providing a detailed map of the shape of the corneal periphery as well as the cen-
tre. The accuracy and reproducibility of the MST is at least comparable to that of video-
keratoscopesss. However, for the former test objects need to be mat, but for the later they
are reflective. Therefore direct comparison is not possible with the same test specimen.

Accuracy of the Reconstruction

When any measuring equipment is under development, there is a tendency to strive to
maximise accuracy, on the assumption that higher accuracy will provide better results.
Precise measurements are frequently needed in research laboratories, but not neces-
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sarily in the clinical setting, where the accuracy required of a machine is dependent
upon its applications. The majority of clinical topography is currently performed for pre-
operative screening, the planning of incisional surgery, routine postoperative followup
and the diagnosis of complications. In most cases, the level of accuracy provided by
modern videokeratoscopes appears to be sufficient.

However, the accuracy of the reconstruction will be reduced in the presence of small
errors in the focusing or alignment of the videokeratoscope relative to the eyest.
Although correct positioning in most models is aided by the superimposition of laser
spots or cross-hairs, or by use of an autofocus facility, inaccuracies still occur. These
arise because videokeratoscopes make a number of assumptions concerning the posi-
tion and orientation of the cornea. They assume that the visual axis is centred on the
machine axis; the centres of curvature for all reflecting points are on the optical axisy;
and that the apex of the cornea is the correct distance from the film plane (ie: focused).
No correction is made for the altered position of the corneal apex after refractive
surgerys’. Corneal position orientation and focusing is less important in the MST as the
sine-wave gratings are projected using parallel light, and 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 the MST is potentially less
prone to operator error.

One clinical area in which highly accurate measurements are likely to become essential
is excimer laser surgery. The use of corneal topography as a template for treatment
requires an accuracy much greater than has previously been necessary for diagnostic
roles. The excimer laser removes o.25um tissue per pulse, so perhaps this is the order
of magnitude required.

As topography systems become more accurate, it has to be considered how the tearflu-
id influences measurements. Techniques dependent upon either reflection or projection
methods image the air-tearfluid interface rather than the surface of the corneal epithe-
liurn, They rely upon the assumption that the tearfluid is a thin layer of uniform thick-
ness covering the entire surface from which measurements are made. Early measure-
ments estimated a tearfilm thickness of about 7 umst, which would have negligible
effect on the corneal curvature or power=¢, and is well below the sensitivity of currently-
available videokeratoscopes which have an precision of 0.25D in the central region.
However, more recent studies have found the tearfilm to be thicker, with some reports
claiming 4opms; and its uniformity is unknown. Therefore the tearfilm could poten-
tally affect topography, particularly as measurement techniques become more sensitive.
This degree of sensitivity is now achievable, as demonstrated by the MST, which has an
axial resolution of at least sum, and can reconstruct the inferior tear meniscus. The vis-
cosity of the tearfluid may serve to integrate out microundulations in the corneal sur-
face by being thicker over depressions, and thinner over protuberances. 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.
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Disadvantages of the MST

One of the disadvantages of the MST is that it requires the instillation of fluorescein,
and it is not known whether this exerts an effect on the tearfilm thickness and distribu-
tion. Fluorescein is currently necessary to provide image enhancement and improve the
signal-to-noise ratio. In about 5% of patients it is also necessary to instil mydriatics to
reduce signal to noise problems caused by scatter from lightly pigmented irides. Both
of these problems could be overcome by the use of optical radiation of wavelengths with
low penetrance in the superficial layers of the cornea. For example the use of a brief sub-
damage threshold pulse of low intensity ultraviolet radiation at 193nm would provide a
good image on the surface, with little or no scatter because of its high absorption.
However, it would be difficult to process such an image because videocameras have rel-
atively low sensitivity in this spectral domain. Further, cataractogenic wavelengths and
irradiance thresholds would need to be avoided. Similarly, radiation in the infrared
could be employed, but again imaging would be difficult and equipment costly.

In order for any device to be of value in the busy clinical setting, it is essential that the
information provided can be obtained quickly and easily, and presented in a simiple form
which is easy to apply clinically. Image acquisition by the MST is straight forward, but
a three minute delay in viewing the reconstruction is unacceptable. This could be
addressed in two ways. Either the current computer could be retained, with reduction of
the number of data points analysed; or alternatively, a faster computer would be neces-
sary. In a research environment, the latter solution is preferable. With the recent appli-
cation of new generation computer technology, the processing time has been reduced to
less than 15 seconds.

With the development of new topography systems and methods of data analysis, there
is an increasing number of ways in which topographic information is presented. Each
presentation format may have its individual merits, but there could be considerable ben-
efits in developing a standard formaté=6z which could be chosen as a presentation option
in all systems. Most surgeons are familiar with the colour-coded contour maps in the
form developed by Klyce and colleagues®s, and therefore the same colour-scheme is pro-
vided as an option on the MST (Fig. 5e}. At this time of rapid expansion 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 standardised format will ulti-
mately 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.
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6.4 Further developments

The clinical evaluation on which the preceding article "Corneal topography using a new
moiré-based system" is based, proved to be invaluable for the design considerations for
an commercial device. Some disadvantages mentioned, such as the unacceplably long
reconstruction time, necessary to visualize an image, could be eliminated. One draw-
back, inherent to the technique used, the requirement to instill fluorescein, remained.
In this respect the Placido disc-based CAVK is certainly superior to the fluorescein-
based device. It is still not known whether fluorescein exerts an effect on the tear film
thickness and distribution, this aspect certainly needs further research. Instilling fluo-
rescein might be avoided by applying a wavelength for which the corneal tissue is non-
transparant e.g. the 193 nm laser line as is suggested in the Corbett et al.’s article.
However, succes of this technique is not guarantied, because absorption of this wave
length depends strongly on tissue temperature. In photorefractive surgery, part of the
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opacity of the tissue is obtained due to the high temperature during the impact of the
laser pulse. When low light intensities are used e.g. for imaging purposes, transparen-
¢y increases>. The excimer laser can be used to produce light of this wavelength, how-
ever, the optical quality of the excimer laser radiation is poor.

6.5 Further clinical validation

Besides the evaluation in Londen, the MST was also used to quantify surgical ablation
on 7 patients in Rotterdam (Oog Ziekenhuis Rotterdam), a patient with an corneal ulcer
was followed in Maastricht (University Hospital Maastricht] where also 5 normal eyes
and 32 pathological eyes were measured to test inter- and intra-observer variation in
measuring corneal curvature. In another trial, the transition from cornea to sclera was
reconstructed of 30 normal and 1o keratoconus eyes.

6.5.1 The subtraction modality

Differential measurements could be obtained by subtracting successive maps to quan-
tify new tissue production during the healing process after refractive surgery. During in
situ laser keratomileusis (LASIK), ablation profiles to correct -10.5 to 14.5 dioptres were
successfully measureds. Evaluation showed that the difference between planned and
achieved ablation depth was in three out of four eyes within 1o pm. In 3 out of 7 eyes,
however, peripheral measurements were illegible, possibly due to stromal absorption of
fluorescein.

6.5.2 Localization of irregularities

A corneal ulcer was monitored during four months. Visibility of the measurerments was
enhanced by using the local radius of curvature as mark. The lateral localization of the
ulcer's central part in the monthly measurements was reproducible within + 40 um,
being the camera pixel size projected on the corneal surface. However, quantification of
the ulcer's volume turned out to disagree with other clinical findings:.

6.5.3 Reproducibility of curvature determination

Six measurements of § normal eyes were made by 5 observers. Also 32 pathological eyes
ranging from keratoconus to cornea plana were measured. The mean standard devia-
tion of the inter-observer variation varied from o.04 to 0.08 mm corneal curvature,
whereas the mean standard deviation of the intra-observer variations varied from o.03
to 0.08 mms.

6.5.4 Wide field measurements

Multi-meridional cross sections of 30 normal and 10 keratoconus eyes were recon-
structed over a cross section of 19 mm. We found that the transition from cornea to scle-
ra (limbal area) is much flatter than would be expected from comparing corneal with
scleral curvatures. Only a boundary between smooth (corneal) tissue and more or less
irregular (conjunctival) tissue was observeds.
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7.1 Introduction

In this chapter the modalities of the MST are discussed and the findings of the litera-
ture research and the experiments are used to place the developed anterior eye topogra-
pher in the context of alternatives. Information about conversion of height values into
parametrical values such as axial radius of curvature or dioptres is given. The chapter
closes with some remarks on future research.

7.2 Height measurements of the entire eye anterior surface

The development of the Maastricht Shape Topographer has shown that the shape of the
entire anterior eye surface can be measured with clinically relevant accuracy. Kawara's
moiré keratometer was chosen as the basis for this development as with his device he
obtained a precision in height of 5 um. Although his precision, when expressed as cur-
vatures as is often used in clinical practice, is less than obtained with a Placido disc-
based device, it offers an advantage that the surface itself is measured rather than a
reflected image. Specular reflection, when applied on irregular surfaces including undu-
lations and transitions from convex to concave curvatures, results in reflected virtual
upright images and real upside-down images. These images are superimposed and
cannot be geparated afterwards. In contrast, measurement of height contours on the
surface itself includes any surface feature that lies within the method's spatial resolu-
tion. The spatial resolution can be improved by using the projected fringes itself rather
than the moiré contours. With Fourier analysis the intensity variations as a result of pro-
jected fringes on the anterior eye can be frequency analysed. In this way higher fre-
quencies than the carrier frequency allow lowering of the spatial frequency of the
fringes. This offers the opportunity to increase the measuring volume to the entire ante-
rior eye.

If the corneal radius of curvature needs to be known, an precision within o.r mm is clin-
ically acceptable. (it requires at a sagittal position of 2 mm a precision of 3 um in height
and corresponds to o.5 dioptre (see fig. 7.1). A 0.05 mm radius of curvature precision
can be obtained by shifting the aforementioned point to approximately 2.4 mm.

The precision of the MST based on the fringe analysis technique described is limited by
detector noise and calculation technique (see chapter 4 of this thesis). An important fea-
ture is that the measurement is independent of any assumption made regarding the
shape to be measured.

Reshaping corneal surfaces, especially when using a computer-assisted photorefractive
surgery device, requires accurate assessment of the corneal surface preferably in
Cartesian coordinates. The current MST matches these requirements as it delivers more
than 105 data points to reconstruct the eye's shape. These topographic data are also valu-
able in contact lens manufacture. In the future these data, using some appropiate inter-
face, may be directly used to design and produce contact lenses.
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Figure 7.1
Conversion steps from height into radius of curvature into dioptres. For a sagittal value k = 2.4 at r = 7.8 mm,

& =3 m error of the MST (the average found for 3 different radii of phantom axial radius of curvature found in
chapter 5} results in + 0.25 D.

7.3 Limitations of height topography

Height topography measurements give direct insight into the shape of the entire ante-
rior eye but this technique is less sensitive in the detection of small global deformations.
When you look at an image by an ancient window reflected, the minute slope variations
on the surface causes a considerable distortion of the reflected rays. In this way the weak
undulations of the glass surface are clearly visualized. Starting from height data it is
much more difficult to visualize such undulations. The same holds true for the mir-
rored images from the corneal surface. Central slope deviations can be easily detected
and reagonably accurately expressed in radius of curvature by the Placido disc-based
CAVK. In contrast, beyond 1 mm from the visual axis on the cornea the MST may cause
5% error in axial radius of curvature. Therefore, the MST becomes an interesting tool
when shape rather than radius of curvature must be measured, or when apical axial
radius of curvature can be estimated on the basis of other measurements.

7.4 Presentation of height data

Because the corneal surface is the most important optical surface of the eye, real shape
data are essential. For other applications, however, a quick global presentation in terms
of sphere-cylinder values are required. For this, a software program has been developed
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to subtract spherical or elliptical shapes from the measured corneal shape. Local differ-
ences from the general shape such as cavities, deformations like in pterygium, ulcers,
scars and transitions with corneal transplants, are clearly visualized in these mappings
or differential mappings after subtracting a reference shape.

These fitting and subtraction techniques can be used on the exact height data resulting
in extra shape information. In normal corneal astigmatism, this information reveals a
unique picture of the real astigmatic component.

Additional possibilities of the MST

As the MST maps the tear film surface, this device may also be useful for the analysis
of the precorneal tear film. Here, synchronizing flash illumination by LEDs with the 25
Hz video field frequency may allow one to detect when and where discontinuities
appear, for instance due to break up of the tear film.

Excimer corneal laser ablation can be complicated by unpredictable impact of the laser
pulses due to local differences in hydration. A height measuring topographer could be
used here as an intra-operative device that provides possibly real time feedback on the
corneal surface. However, fluorescein cannot be used intra-operatively because of pos-
sible unwanted interactions with the unprotected stromal tissue. Still the transparent
and specular reflecting cornea could be mapped if light is used with a wavelength for
which corneal tissue is highly absorbing. The induced backscattering in the corneal
superficial layers may be adequate to replace the fluorescent light. Interfering specular
reflection could be suppressed by crossed polaroids.

7.5 Predicting contact lens fitting and behaviour

With the availability of exact height data and submicron contact lens production tech-
nology, a new era in contact lens fitting has started. Our first experiments with design-
ing contact lenses from height topography have made us realize how little we know
sbout the mechanical behaviour of the eye - contact lens system. Today, extra informa-
tion from height data could be valuable for improved design of contact lenses on an indi-
vidual basis. However, there is a lot more to know than only shape of the cornea to
achieve an optimal fit. For example, the conditions of the precorneal tear film that con-
trols a variety of physiological and optical demands. Little is known about the influence
of the contact lens on the tear film's fluid dynamics. To reach the point of implement-
ing an intelligent expert system able to guide the practitioner will require additional
research efforts.

7.6 The MST compared to Placido disc-based CAVKs

Since Placido invented his disc in 1880, the instruments based on his idea have had an
increasing success, and the majority of present day keratometers are indeed haﬁ‘edA or
the Placido disc. It is certainly not true that with the MST the Placido disc-based devices
have become obsolete. On the contrary, they are the most convenient devices to obtain
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easily and quickly good measurements from most corneal surfaces. There are still inter-
esting developments in this field. New, and more accurate algorithms are being devel-
oped:=, It has been claimed that with adequate algorithms the central corneal shape can
be reconstructed with an accuracy in the nm range rather than the pm ranges. A remark-
able example is the development of a reflection-based device which exploits properties
of Pseudo Random Binary Arrays (PBRA). Encoded in a coloured stimulus pattern, the
PRBA contributes to a robust measurement technique with uniquely characterized posi-
tions. With such a stimulus it is not necessary to use the assumption that reflection
occurs in meridional planess.

The power of the MST lies where the corneal surface is irregular or when the measure-
ment must be extended to the peripheral parts of the cornea and the adjacent tissues. In
this respect the research question, the starting point for the study, can be answered in a
positive way. It is possible to measure without mechanical contact the entire corneal sur-
face and also part of the adjacent tissues.

7.7 Further research

Little is known about the tear film fluorescein interaction. Fluorescein might influence
tear film break ups® and controversy exists in the literature on this topicr. Could this
influence the height measurement adversely? Further study on tear film fluid behaviour
and the interaction between corneal surface and contact lens is now facilitated by the
availability of reliable shape data. This could lead to micro-hydrodynamic models that in
turn can further improve the process leading to safe and comfortable contact lenses for
both normal and abnormal corneas.

With eye shape topography and other optical evaluation methods, we are now in princi-
ple able to design the front surface of the contact lens for an optimized image quality.
However, the eye is a complex optical system, the contact lens is relatively thick and
pupil effects must be incorporated. This calls for the development of an extended opto-
mechanical eye contact lens model, Recent ray tracings of the MST optics indicated a
systematic error in height measurements particularly toward the periphery of the
tmage. This was caused by residual spherical aberration of the projector's achromats,
despite the aplanatic configuration. It can be compensated mathematically, but also opti-
cally. By using ray tracing technology we have found an improved (Scheimpflug) cor-
rection angle. Implementing this angle into the MST will increase the depth of focus of
the projectors but unfortunately it does not reduce the residual spherical aberation.
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Deserigiion

Trw invention relates 1 & system for determining ihe topography of & curved surface, comprising & projection
dewee lor projectng pattemns of Enes on the surace. which projection device incluges two ndepencent light projectons
digposed al an angle relalive 10 sach othier. each projecior having a projection optical ams and including a grating hav-
ing paraitel siraight ings, wherer each grating is positoned at & right angle to the projection optical axis of it projecior,
and a restangular disphagm having the fong sictes paralie! 1o the tines of the grating, and 5 detection device lor regis-
tering s image formed on the curved surface. Such systems are used. inter alia, in the case of the so-called keralom-
eter for determiming the external shape of the human eye. @ particular the curvature of the extermal surface of the
cornes, for example for measuring for contact ienses and accuratlely determining the topography of the carnea belare
and sher Surgery

These systerns can also be used in manulacturing and checking curved obiects.

With the kagwn commercally available photokeratometer the radive of curvature of the cornea is measured locaily
By comparing mirrored measurement figures on the interface betwesn ar and lacrimal fluid with test figures.

Places of equai slope can be mapped in this way. in the mterprefation of such registrations, withoul previous knowi
edge of the obigct, errors cannot be rued out. Only a limited area of the cornea is measured.

Uneguivecal regstrations of the topographny of the surface of the comea can be obtained with the keratomeier of
the type which is described in an article by Telsuo Kawara, “Corneal topograpty using mowé comfowr fninges”, in Applied
Ciptics. Vol 1B, pp. 36783678 (Nov 19791 Such a keratometer makes use of moiné contowr fines, which are lines of
equal height. For this purpose. the reflecting sudace of the cormea is transformed into & pertectly diffusely radialing sur-
face, through the applicarion of a fluorescein lilr, as is necessary 1or said moiré lechnique The Huorescent light of ihe
fluorescain film g used to form the irnage, while the excitabion light {which through specutar reflection could disiort the
image) of the projection device, consisting of & single projector, is tillered oul. In order {0 achieve the accuracy for a
spherical surface which he claimed, Tetsuo Kewara used a graling with approximately 12 line pairs per millimetre
{in/mm} which, becauss of a narrow slit-shaped diaphragrn in the projection device having oplical compensation for the
slanting projection angle relative to the viewing axis of the keratometer and a small encugh diaphragm of the camera
with the requued depth of lisld, forms an image on the reference grating of the camera

Due to the slanting projection angle, the camera “sees” a supermposed pattern of & projected grating shghily
deformed by ihe conwex cornea and the refarence grating. The spatial beat between the gratings, which bacomes visi-
bie a5 an interierence phenomenon, is known gs moiré. This imarlerence image represents ines of equal height, Since
it thig. moiré arrangement a mulliplication contrast s obtained, the height lines can be read directly from the photo-
graphs. Translation of these height lines into three mendional profiles produces information on the local radius of cur-
vature of the cornea :

A sarious general fmitation of the moirg projection system described is that, on the one hard, sufficiem depth ot
fisled is required, for which a small diaphragm is needed. while, on the other hand, the height contour interval must be
as small as possible, which only a grating with a large number of ip/mm can provide. The system described by Tetsuo
Kawara is therefore ditfraction limied. A higher resolution can be obitained only at the expensa of the depih of field, or
by increasing the projection angbe of the grating relative to the optical axis of the camera. With & small depth of fieid the
whole cornea is not mapped in one exposure, and & farger projection angle than approximately 18° produces an image
which can no fonges be imterpreted visually. on account of the occurrence of opticat artitacts. In the case of the instru-
mani described the height lines are displayed &t the posiion of the relerence grating instead of being located on the
surlace 16 be registersd, which means that the lexibiity of the insirument with regard 10 variation of image scale and
imiige angle is low The sign of the stope 18 not known {from previous knowledge is derived as “convex™). The product
of Tetsuo Kawara's ketalometar is & photograph. The transiation of the haigit knes thus recorded into local radius of
curvalurg, acoentricity ete. hag 1o be caried ouwt trom fhere

The dependence on very ling gratings in order 1o keep the moiré contour interval {= measuring point} limited, could
e rgmoved in principle i, insiead of the intersity distributon of the moire imags. the local phase of the projected grating
wens used as the Measuring point

Maoire hewght lines of a surface of an objedt are formed by the relative phases between the projected grating and the
refgrance grating. The height lines will shilt due 1o shilting of one of the gratings, with the result that a conlinuois phase
MBasurement & One Measuring point is possible. The intensity variaton s then a measure of the phase vanation The
maeasuring sensitivity and the acouwracy then increase greatlly. Since the movement device of the moving grating is
kagwr, the sign of the slope can be determined. In the case of the keratometer, on acgount of unavoidable eys move-
mgnis, it 15 hardiy possible 1o carry out such & dynamic measuremeant.

Hawaver, in the examination of surfaces of other objects, such as dentures. the use of a device is known rom an
article by FiRM. Jongsma el al.. “Reai-time contouring of loothy imprints™, in SPIE. Vol. 492, pp. 500-506. ECOOSA
1984, iy which two interlerence patierns are projected &t an angle relative 1o each other by means of an imtererometer
Plangs which are at right angles to the bisectix of the angle and are alternately ditfusely iluminated or contain more ot
less highly contrasting fing patterns are thereby produced in the space in which the two light beams intersect. The dis-
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tance betwsen these paaliel planes is equat and depends on the anple batween the hght beams and the distance
between the lines in the projacied grating patiern. If an object is Aow placed i thig space, it alternately mlersects the
ditfusely fluminaied planes and the planss with the images of the grating pattern As a result of this, intersaction lines
become visible on the object. which lines have & constard height difference from sach oites, atthough due 1o the sum-

5 mation effect the contrast of the two intensibes is very low In orter to make said height lines visible, & spatial {optical)
or lermporat {slectronic) filtering such as thal descrived in above articls by Jongsma of &, must herafore still be used
A disadvantage of moiréd images 5 that it 1s nol possible 10 determing the sion of the slope ather than from DERVIOUS

knowladge of the object. One mathod of overcoming this problem % described i Frengh patert application No.

2,282,213 of 21 November 1974, This patert application describes a mathod in which wo IMoitd projecions ane tom-

pared wilh each other These moiré registrations are produced in such a way that the reference plane of the second

moirg registration 15 dispiaced over a distance which is smaller than half the moird contour distance. Double contours
with atternating small and larger intervals are thus produced. The contours are labelied with a colour, for example by
making use of 3 yellow and a blue gratng. The result is then a colow registralion with the relatively smalt contour inter-
vals yellow - Mue or blue - yellow. The information of the sign of the siope is contained in the combinalion of disiance

15 and coiour

Another form of colour labelling is descrbed in German patent application No P 40075 028 of 9 March 1980 This
patent application describes how two gratings of diferert colours are projected simullaneously on the object from dit-
terert angles The two gratings can be processed in the detection system separately by means of a colour separalicn
ey, The angle and the orientation of ihe slope relative to the sensor can then be calculatad from the local spati!

20 grating frequency on the object. What is essential in this system is the mechanical linking of the two gratings lying in
ong plane, so that their phase relation is fixed. As a result of this, by dispiacement of the gratings the noise can be aver
aged, while the height contouwrs do not change position

# unambiguous external shape information an the moist and reflecling surface of the cormea is desired, use canbe
made of the fluorescence technigue described in the article by 1. Kawara, in order to convert this refiecting surface into

25 & Lambertian radiator. In these conditions, when there is a well-defined llumination, the local emission canthen be ¢al-
Culated. In order 1o oblain a moiré contrast. use can be made of the projection technique known from an article by J.
Wasowski, "Moiré topographic maps”, in Opt. Communications, Vol. 2, pp. 321-323. 1970, by means of a projector of
the type described by Kawara. if insers which are suitable for this are available, i is also possible o choose the infer-
ferometer descrited by Wasowski as the graling producer, or anather interlerence system can be used.

30 The invention aims at pbviating the earlier mentioned problems in the prior art. This is realized. according to the
inwention, in that the projection device comprises, in each projector, a flash light source synchranised in sequence with
the detection device, and in that the detection device comprises a frame grabber for separately registering a projected
grating of each projactor in said sequence, respectively, lor digital image analysis to obtan the lopography of the curved
surface. Hesety the sysiem is implemented such that an additive moiré pattern is produced. In a further embodiment a

35 pilot monitor in conjunciion with an electronic titer is provided for realtime visuatizing Ihis moiré patter, the deiection
davice being implemented for registering the image without moiré interferenca, suitable for discrete Fourier analysis.

The invention is explained in greater detalt with reference 1o an example of an embodiment shown diagrammatically
in the drawings, in which

40 Fig. 1 shows diagrammatically a system according 1o the invention;
Fig. 2 shows the projection of the infassity function on the x-axis through object ofx),
Fig. 3 shows an elecironic real-time tiltered viewlinder image.
Fig. 4a. 4b and 4¢ respectively show a complete TV picture and the separate components from which it ig come
posed, the first half rasier (fig 4b) and the secordd half raster (g 4¢);
45 Fig. 5 shows a digitally obtained phase reconstruction of a TV ling; and
Fig. 6 shows & 2-D reconstruction of a halt TV rester of a sphencal surface.

On account of the gain in senstivily and accuracy which can be achigved with phase delection, a catcutation pro-
gram has been developed, in which the local phase of a projected grating on {he surlace 1o be measured is catculaled
50 relative 10 & reference plane al right angles 1 thie oplical axis of the sensor. Since the carrier wave iteel, and not the
modulation of ine carrier wave, is now the bass tor extracting the information, it is possible to work with relatwely coarse
gratings which permit correspondingly larger daphuagms. In this way i becomes possibie, wilhout causing too great 8
radiation load for the eye, o use a high-resolution TV camera, such as 8 CCD camera, which permit real-tirme digitising
of the images through the uge of 8 frame grabber
£ The corea 1o be measured is mobite and cannot be fixed, with the resull that fhe coliection time has to be very
short {shorter thao the imtegration time of a TV camera). Moreover, a part of the image can be lost thirough Tocal over-
exposure, due 1o refiecton on the cornea.
These problems can be solved by making use of a TV camera, ke a CCD camera, and two flash tubes synchwo-
rised with the camera such as is indicated i Fig. 1. The first tube i synchronised in the end of the tret hall raster
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period, and ine second at the beginning of the net half ragter The folal integration lime is now limited 1o the Hlash smes
ard the flaghinterval Since the two flash exposures produce an indepeadent picture ndepentdenty of each other [Du
fmiked 11 tirtie), orie pichs & can supplement the information which has Been o8t in the other picture, Ior insfance caused
by fotal dislubances (ke undesired reflections, 100 strang defocussing, efc Thig siluation is achieved m the case of the

dhouble fash technique described, in wiich it it possitle, for example, first 1o analyse the odd TV ines and then 1o ana-
lyge the sven lings

The sysiemlor use in the irveotion, as indicated in Figure 1. cormprises two projectors 3 set up al an angle with the
optical axig 7 of a camerd 2. Both projectors contain a slide or grating 4 contdining a ling patiern of about five fine pairs
per mm. which lines run at right angles to the plane through the projection axes. As described above, by projection of
two lne patterns &l an angle, diffusety ifuminated planes and planes with more or less highly contrasting raster images.
are produced aliernately inthe space 12 in which the two light Deams cross. which images produce a height ine o con-
tour chart on intersection by an object.

The eye (o be examined is reated with Na-fluorescein in Hypmmeliosa‘e-aoummuiliée@i a subsiance which is also
used 2y 3 replacerment for natural lear moistures in the Case of "dry eyes™. Hypromellose serves as a solvent for Na-fiu-
orascein. Blinking a few fimes causes the Na-fiuorescein 1o be absorbed in the tear film, foliowing winich the registration
can be iaken

For accurate measurements of the cormea contours, in which the liquid film must have g uniform thickness, use can
be made of Healon®, which has & iow molecular weight, and in which Na-fluorescein is dissolved, a5 known, for exam-
ple, in the case of cornea plastic with the aid of excimer lasers.

Projection lamps 5 are used as the light source in the projectors. In order 1o “reere” rapid eye movements, use san
e made of Hash lamps & which are synchronised with the TV camera, and which then lemporarily replace the contin
ueus lamps i the projecions. Fitters are fitted between the lamps and the slides, which filters reflect {7) the heat of the
Hght source and reflect (B) all colours except biue-green. so ihat the radiation luad on the eye is resiricted to that of the
blug-green excaation light For projecting the grating, the projection device is provided with a progaction objective 10
Placed in the focal plane of this projection objective ai the side where (he object lies is a rectangular diaphragm 9, of
winich the long sides run parallet to the lines of the grating. The aperture of the diaphragm along the narrow side is smali
enough 10 project five line pairs per mem with sutficient depth of field. The relatively large aperture of the diaphragm
along tha long side contributes to the desired light intansity of the heght line map

The distance setting takes place with the aid of an image on a pilot monitor, on which after analog Hiltering concen-
¢ rings appear on the cornea {Fig. 3} which cornea is imaged totally in the depth of focus of the cormea image

& yellow-band stop flter 11 s fited in Iront of the camera. which filter blocks the blue excitation light and transmuds
only ihe yellow emittec light.

The unfiltlered moiré image at the location of each CCD camers contains pixel intormation on the spatial coordi-
nates x, yand z. With the aid of digital image processing it is possible o make the shape of the cornea visible in detail,
for example as an axial section or as a three-dimensional structure. In order 1o obtain both & high axisf and & high lateral
resolution, the ring pattern such as that obtained after electronic analag filtering is not used as the siarting point, but
instead the unfiltered TV pitture is analysed TV ling by line.

As soon as the insirument is se!, a frame grabber sees {0 the digitisation and the transmission of the signal 1o the
ronitor coupled 1o a computer. There the signal is analysad line by fine (Fig. 4). This takes place both for the lefi-hand
projection and for the right-nand projection in the calcuiation, possitly simulianecusly. in 1his way Biny ressmng informa-
tion in one mage can be suppiermentsd Hrough the other image. This also applies 10 defocussing efiects, which in the
cas® of the two projections are left-right opposed.

One mathaod for analysing signals is to use Fousier analysis. A condition tor this analysis is thal the signal is not
avermoduiated, as is unavoidatie in the case of 8 moiré contrast, The TV pictures registered can be regarded as beng
phate modulated, the height of the abject 1o be measured being modulated in the phase of the projected grating.

Figura 2 shows in & one-dimensional manner how the grating is motulated ard projected, m which:

a(x) = perpendicular ing of p(x) through the orign

{Z{x}} « goltection of perpendicitar lines of plo with an imMersaction point with cfx). §

@ = projiction angle

pix) = intensily lunction axis with O as origwm

i « distance betwesn a{x) and any line ol Z(x) represanting the original phase angle produced by the raster

[ = abscis value of the intersection: point with ¢(x) reprasenting the phase angle which comes about after
projaciion

The diaptyagm seiting, passes the first and zeroth order, with the result that the intensity can be characierised by

ifa) = A sin {w, 0l +d &
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where
[ s rasier funclion
A S amplitude

s d “DC shitt

The projected modulated wave form then acquires a shape of the ype:

&A= Asin [ {cosle) f + sin {o)olBll) « 0

- {2)
where
()] = height o} the object written as function,
O = projeciion angle.

Note that i{{)} is the mage measurad with the camera
The phase. thus the haight of the objed, can be reconstructed fom the modulated wave form (R by means of the Fou-
ner wansform. In principle, the following steps are ngcessary 1o reconstruct the height:

20 i{ra} = F( BN 3}
Y} = Dilwi} {4y
vB) = F 7 Yl )
25
T.c{p) = arg{y(B)) A T.c(B) + k n = T.c{B) keZ (6)
£
where:
T L consiant factor
iy - forward Fourier transiorm
s Fi  backward Fourier ranslorm
D{} . demodulation transtorm
aral ) Targumentiphase of a complex numberiseries
K cconstant, element of 2
4 A data processing system will camry out these operations in discrete form. For the discrete Fourier ransform there

s & very suitable method which reduces the number of calculations required. This is the sc-called Fast Fourier Trame-

form (FFT). In analogy to the one-dimensional anafysis 1echnique described. there is the possitiiity of carrying out &

two-timensional anaiysis. Since the two-dimensional Founer fransform comprises two one-dimensional transionms

wihich can be carried out independently of each athér, the same melnod as that mgntiomsd in formula (3}, (4), (5} and
«5 {6} applies.
For determining radii of curvaturé of 8 demodulated image it 15 possitle fo use, inter alia, elliptical or polynomial
curvie fitting. A method for this s, for exarnple, Gaussian slimination Eccenfricily, astignmatism and the like can be dates-
mined or cafculated rom these fittings. The determination of fitings can also be caried out in & ene-dimengional or &
two-dimensional manner. For both transtorm technigue and litting lechnigue the two-dimensional method is more acti-
50 rate. because in principle all measured image poimte are brought o refation with sach other, which coresponds o
realily. Measuring eqors @re also averaged oul more effectively or are even eliminated in fhis way In eder fo achitve
further irprovernents. digital filter technigues will be required

For an example of above processing referance s made fo Figures § arsd 6, in which & digitally obtained phase
raconstruction of a {pliot) manitor line {projsction on a sphencat sudace) and a two-dimensional reconstruction of a hall
TV saster of @ spherical surlace are respectively shown. in igure 6, the conlows can now be adjusied with intervals as
desired. Details - such as a defect w the modet top left - can thus be visualised

i the above explamed technique the lateral horizontal resolution is determined by the band widih of the TV system
or by the resoiution of the frame grabber, and no longer by ihe iringes of the moré pattern, which as & beal pattern by
definition have a much lower iateral resolution. The verticat resofution s deter mined by the nurmier of TV lines. Apart

w
&
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from bemg vsed a5 a kergiometer, on account ol the absence of the neesd for having previous knowledge of the object
1o determmine the sign of the slope. the system can aiso be made sulable for delermining the fhree-dimensional shape
of oifwr objects such a8 contact lenses. dentures, models and industrial objects Advantageously. the system can b
used such that by means of digital processing of thie height contours already calculated the requesied information for,
for exarple, an optician, contagt lens specialisl, ophihalmologist or lschnician becomes availabie

The syslem according o the invention can be used for determining a curved surface. in whith an acourate heght
ling o contour patiern with a high lateral resolution is the basis for obtaining the required data, as needed. for example,
for fitting contact lenses or for surgery in the ocular media. When the sysiem is used as a keratometer, & height line map
can be created on the cornes, comprising the whole corriea, and the detection device will also be desigred in such a
waly that the whole hewht boe map is available in real ime in digital form for further data processing. with the resull that
an accurate defermination of the cantral and peripheral curvature of the cormea becomes possible

This is obtained through the fact that the above systemn includes a projection device provided with two projeciors
disposed 8l an angle relative to each other, each positioned at right angles to he plane through the projection axes and
& reclangular diaphragm, of which the long sides are parafiel to the bnes of the grating.

Through the use of these projectors, difusely illuminated planes and planes with more or lass highly contrasting
grating kmages can be obtained, which when intersected by an object produce & Highly contrasting moiré contour of
height tine map afler analog or digital processing of the signal

Hrpdiation ivad which is accepiable for the eye o be examined will be produced by making use of a relatively large
diaphragm aperiure from the detector side, ever when using the required blue-green excitation light

The angle at which projaction lakes place depends on the siope or curvatureé of the surlface 1o be exammed
Through the nature of the data processing, considerably larger projection angles are possibie than o the case of direct
formation of moird images, while the sensitivity gain compared with respect 16 the direct moiré systerm also makes very
small angies effective. In he case of the keralometer a real-lime moiré image is created by means of an analog elec-
romc tilier, Yor & setting and viewdinder image.

in addition, in particuiar in the case of keratorneters, the light source vsed for the viewdinder image is a lamp with
siit shaped litarment or shit shaped gas discharge. which is projected in vertical origriation on the vertical slit-shaped dia-
phragm of the projector. In order i minimise the thermal load of the projection device and in order 1o keep the light load
ol tha eye low. relatively coarse gralings are projected, which gratings can still be projected with sutficient deptih of hield
whaen the ciaphragn aperiure is large. The delection device can be embodied such that the definition of the height line
map fakes only a short fime, with the resutt that possible movements of the eye duing the exposure do nat adversaly
atfect the quality of the regisiration.

Trrough specular reflections of the surface of the object, differences can ocour in the intensities of the two grating
imaqas, with the result that the derivation of the phase height of the gratings from the local intensity i jecpardised. and
50 also s the formation of ihe height tine map.

Providing the object with a tluorescent layer prevents specular refiections in the case of this method. Use is made
of a continuaus light source which radiates light wilh & wavelength which causes emission in a fluorescent substance
appiied to the object. A substance which is sultable for this is Na-fluorescein, of which the oplimum excitation wave-
length, depending on the solvent, is 460 to 510 nm {blue-gresn) and the emission wavelength is 520 - 580 nm (yellow)
The projection device is fitted with a filter which transmits only light of the excitation wavelength, and in the detecton
systern there is a fiter which transmits only kght of the emission wavelength. The interfering influences as thia result of
reflections of the excitation fight are removed through this tatter filter. in the case of the keratomelsr embodiment, the
viewing axis and optical axis of the keratometer can be gligned as foliows. The person (o b exarmined is asked 1o fix
the eye on a light source, the optical axis of which soincides with the optical axis of the instrument. The operator of the
Keralometer ensures than that this light source reflected by the aye goss into the cantre of the image.

Clalros

1. Asysiem for detenmining the topography of a curved surface, compriging & projection device lor prajecting patterns
of lines on the surface. which projection device includes two independent light projectors (3) disposed af an anghe
relative to eiich other, gach projector having a projection opticat axis. and including a grating (4) having paralle!
steaight nes, wherein aach grating is positoned at a right angle to the projection optical axs of s projecior, and a
rectangular digphaagm () having the long sides paraliel to the lines of the grating, and a detection device for reg-
istaring an image tormed on the curved surace. characterised in that the projection devite comprisés., in each pro-
jector, allash light source (8) synchronised in sequence with the detection device, and in {hal the detection device
comprises & frame grabber for separately registering a projected grating of each projecicr in said seguence,
respectively, for digital image analysis to obtain fhve topography of the curved surface.

2. Asystem according o claim 1, wharein the datection device comprises a TV-carmera {2) and a synchronizer means
for wiggering the flash light source (6) of the first projector at the end of & first hall TV-raster period and for triggering
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the flash light sowce of the second projector 8t the beginting of & second hall TW-raster perad, respectively, the

flash light sources durmingting & complete TVaster wheren the hali rasiers are adapted 1o complement each Gthwr
afterwards.

A sysiem according 1o dlaim 2, wheren the detechion device furiher comprises a data processor for analyzing the
image 1o abtain a height function, according to Fourter ransiorm, demodulation, and inverse Fourier iarstorm, oa
one or more hal! Tv-rasters simultaneously @ & one or two dimensional manngr for reconsirudting the topography

& system according 1o Claim 1, whanein each light projector further comprises a contimious light source (5), whergis
the continuaus and flash kght sources are slit shaped such that the cortinuous light and flash light is projected from
the projectors in & vertical snentation through the rectangular disphragm

A systern according lo claim 4, wherain the detection device comprises an analogue contrast filter and a pilot mon.-

ftor, whereby the analog filter ermphasizes additive height contours in real time on & lopography image which 6 dis-
played on the piat monitor

A sysiem according 1o claim 1, wherein the projectors of the projection device are each disposed al an angla rang-
ing from 10° to 457,

& system according 1o claim 1, wherein each projector comrprises a grating projecting objective {10). the rectangu-
tar diaphragen (9 bang placed m & focal plane of the obyective.

A gystern acconding to tlaim 3, wherein the projectors are angled to cause the projected gralngs 1o inlersect on the
curved surtace, wherein fhe frame grabber is capable of distinguishing the intersecling gratings and separately reg-
istering the giatings jor mdividual digital analysis via the data processor.

9, A systern according to claim 1 to 8. for use as a contac! fens litting device.
10. A systemn acconding 1o claim 1 1o 8. for use as a keratometer.

Patentanspriche

1. System zu Bestimmung der Topographie einer gekrimmiten Oberdiiche. mil ginem Projektionsgerat zum Projizie-
rer von Mustemn aus Linien aul die Coerldche, wobei das Projektionsgerdt rwer unabhangige Lichtprojekioren (3}
enthait, die in enem Winke! zusinander angeordnet sind und deren jeder eine optiscne Projekiionsachse hat und
gin Gitter (4) mit parallelen geraden Linien enthdli, wobei jedes Giitter in inemn rechten Winkel zur optischen Pro-
jektionsachse des betrefienden Projekiors positioniert ist, und eine rechteckige Blende (9}, deren lange Seiten par-
aliet zu den Linien des Gitters verlaufen, und mit eingr Edassungseintichtung zurn Aulnehmen aines aul der
gekrimmien Oberfiche gebideten Bildes. dadurch gekennzeichnet. daBl das Projektionsgerat in jedem Projektor
eine Blitzlichiquelle (5) autweist, die in ihrer Sequenz mit der Erfassungseinrichiung synchronisisrn ist, und dal die
Erfassungsennchiung enen Einzelbid: Aulgreifer autweist, um in der besaglen Sequenz jewsils ein projizieties
Citter sines jeden Projekiors gesondert aufzunehmen, fir digiale Bildanatyse zum Erfahren der Topographie der
gekrimmiten Oberflache

2. System nach Anspruch 1, in welchem die Erassungseinrichtung sing Fernsehkamera {2) ung eme Synchroriss-
toreinrichtung aubseist, um die Blitzlichiquelle (B) des ersten Projekion am Ende emner ersten Fernseh-Halbraster-
periode zu triggern und die Blitzlichtguells des zweilen Projeldors am Beginn ener wweiten Fernseh-
Malbrasterperiode zu triggern, wobe die Bitzbehiguelien einen vollen Ferngshraster beleuchien, worin e Hatbra-
ster zu spateren gegenseitigen Erglinzung ausgelagl sind.

3. System nach Anspruch 2, in welchem die Erfassungselnnichiung ferner ainen Datanprozessor fur eine Analyse des
Bildes autweis!, um eine Hehenfunkbon geman Founer-Transtormation, Demodulation und inverser Fourier-Trans-
tormation an einem oder mehreren Fenseh-Halbrastern gleichzeitic in sin- oder rwedimensonaler Weise 1or die
Rekonstruklion dec Topograpte zu erhiallen

4. Systemn nach Anspruch 1. in welchern jader Lichiprojektor ermer eine Gleichichiguelie (5) enthall. wober die

Gleichiicht- und Blitzichiquelien spaltitr mig sind. s0 daf das Gleich- und Blitzlichit von den Projekioen in sirer ver-
fikalen Crientierung durch die rechteckige Blende hindurch projiziert wird.
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Syslem nach Anapruch 4w welchem dis Erasgungsemnnchiung ein analoges Kontrastilier und emen Piotmonngs
autwest, wobes dag analoge Fiter addive Hohenkonturen in Realzel auf sinegrm am Piloimoninor wiedergegebe-
ren Topographiebid hervorhetst

Bygtarm nactt Angprach 1, o welchem die Projeldoren des Projpitionsges Stes jeweils in sinem Winkel im Bereich
von 10° e 45° angegrdnet sing

Syglem nach Anspruch 1. m welchem jeder Projektor ein gitterprojizierendes Obgektiv {10) autweist und de rechi-
ackige Blende (9) in eingr Brennebene des Objsldive angeardnet ist.

SBystern nach Anspruch 3, in welchem die Projektoren so im Winkel angeordnet sind, dad sich die projizienen Gitter
an der gekimmien Oberfiache durchschineiden. wobei der Einzelbild-Aufgreifer fahig ist, die sich durchsehneiden-
den Gitter zu unterscheicen und die Gitter, ilr individuelle digitale Analyse mittels des Datenprozessors, getrennt
aufzunehmesn

System nach Anspruch 1 bis 8 zur Verwendung als Vorchiung 2ur Kortakilinsenanpassuryg.

10. System nach Anspruch 1 e B zur Verwendung als Keratometer

Revendications

5.

Systeme pow déterminer la topographie d une surlace courbe, comporiant un dispositif de projechon pour projeter
des configurations de tignes sur la surface, dispositif de projection qui comprend deux projecieurs de lumiére ndg-
pendants {3) disposés sous un cartain angle f'un par rapport & f'autre, chague projecteur ayant un axe optique de
projection el incluant un réseau de diffsaction {4) présentant des ligrnes droites parafiéles, dans lequel chaque
réseau de diffraction estplacé 3 angle droit par rapport & Faxe oplique de projection de son projecteur, ains: qu'un
diaphragme ractanguiare (9) dont les grands cbtés sont paralléles aux lignes du réseau de diffraction, et quun dis-
positit de détection pour enregistrer une image Jormée sur la surface courbe, caraciéniss par ie fait que le dispostif
dc projection comporte, dans chaque projecieur, ung source de lumigre llash (8] synchronisée en segquence avec
te dispositit de détection ef que le dispositt de délection compone un dispositit de saisie rapide d'une Image com-
pléte pour enregistrer. séparément ot respectivernent. un réseau de diffraction projeté de chaque projecteur en
ladite sequence, pour anatyse numérique de Timage pour obtenit la lopographie de 1a surface courbe.

Systéme selon fa revendication 1, dans leque! le dispositil de détection comporie une caméa TV {2) et un moyen
ge synchronisation pour dgéclancher la source de lumiére flash (8) du premier projecteur & la fin d'une premiére
demi-tramo de balayage TV et pow déclencher fa source de lumidre Hash du second projecteur au debut dune
seconde demi-rame de baiayage TV, respectivemnent, les sources de lumiére flash éclairant ainsi une frame com-
piéte de balayage TV, les demi-tames étant prévues pour se compiéler f'une ('autre ensuite

Sysigme selon ia revendication 2, dans lequel le dispositif de déteclion comporte en oulre un processewr de don-
nées pour analyser mage pbur oblenir une fonction des ligrnes de nivesu, en fonclion de la franstormation de Fou-
rigr, dune démodulation el d'une bransformation inverse de Fourier, sur une, ou plugieurs, des demi-trames de
balayage TV sirmultanément, en manodimensioniel ou en bidimentionnel, pour recanstruire la topographie

Systéme salon fa revendication 1, dans lequel chague projecteur de lumiére comporte en outre une source de
iurniéra continue (8} dans leguel les sources de lumidre, continue et llash. sont en forme de fente de sorte que ia
fumidgre continue et ia lurnidre flash sont projelées par fes projeciaurs & travers le diaphragme rectanguigire, selon
ung orientation verticate

Systéma selon la revandication 4, dans lequal le dispositt de détection comporte un fillre de contraste analogique
Bl un monitew pliote. ce par quot le Hitre analogique accenmue des courbes de niveau additives en temps réel sur
ung image topographique qui apparall sur e monitaur pilote.

Systéme selon fa revendicanon 1, dans lequel les projecteurs du dispositit de projection sont disposés chacun sous
un anple afiant de 0% A 45°

Systérme selon la ravendication 1, dans leguel chaque projectaur comports urd obiect de projection & réseau de
ditfraction {10}, te diaphvagme rectangulalre (9} étant placé dans un plan focal de Fobjectil.
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Systeme selon la revencication 3. dans lequel ie projecieurs font un cernam angle pour faire en sorid que i
reseaux de difirachon, projetés. sutersectent sur la surface courbe. dans tequel le dispositil de sais«e rapide dung
image complgte sst capable de distnguer e réseaux de diffrackon dintersection ef d'enregistrer separement les
ressaux de difraction pour analyse numengue ndividusiie au moyen du processeur de donnees.

Sysiame selon les revendications 1 3 8. pouwr emplor comime dispositi! d zjustemant de lentifiss de contact

. Systéeme seion las revendicaions 1 & 8, pour empiol comma kératometre
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List of symibols and abbrevations

ARGC
AU
TBUT
CAVK
CCD

depth of field

depth of focus
diffraction limited
D

eccentricity
frame grabber
FWHM

IR

IROC

LED
Ipfmm
LS

LU

m
meridian

mire

ml
moiré

MST

nin

Axial Radius Of Curvature

Arbitrary Units

Tear film Break Up Time

Computer Assisted Video Keratometer

Charge Coupled Device, a licht sensitive chip used in miniature
video cameras

The distance in the object space through which satisfactory defini-
tion can be obtained when the lens is in focus for a particular dis-
tance

The distance in the image space through which an allowable blur
circle of a point in the objectspace can be obtained

An optical system that is called "diffraction limited" has reached
boundaries of resolution determined by the wave character of light
Dioptre. Unit of refractive power of a lens expressed as the recipro-
cal of its focal lenght in meters

A measure for the cornea's peripherally decreasing curvature
Interface from camera to computer

Full Width Half Maximum

InfraRed

Instanteneous Radius Of Curvature, radius of corneal curvature
that not necessarly coincides with the axial radius of curvature. In
this thesis also refered to as "local radius of curvature®,

Light Emitting Diode

line pairs per mm

Large molecular Strip

Large molecular Unit

meter

A line through the assumed visual axis of the subject and optical
axis of the topographer oriented in a certain direction to indicate the
position of surface features such as height, axial or local radius of
curvature etc.

light emitting pattern of which the reflection on the corneal surface
is used to estimate the corneal radius of curvature

millilitre

Pattern that can appear when two periodic patterns are superim-
posed

Maastricht Shape Topographer, a topographer that measures the
height of the anterior eye with respect to a reference plane
Micrometer (m*)

Numerical Aperture, the half angle of the cone of light departing
from the focal plane, accepted by the objective lens

Nanometer {Tn-s}
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opacity

orthoscopic

OSPCO
OSPIN

PC
PIDIECO
PIDIFIN
PISACO
PISAIN
PISDIFIN
PISPCO
PISPIN
PISHIN
pixel

Placido disc
Purkirnje image
Scheimpflug

snapshot device

SNR

55

SU
telecentric

TGI
tv
uv

Opacity is defined as the ratio between fluorescent yield at 40 pm
layer thickness and maximum fluorescent yield (found at thicker
layers)

Corrected for distortion due to obscuring the perspective relation
between the picture elements representing the object

Object SPecular COherent

Object 8Pecular INcoherent

Personal Computer

Projected Image DIFfuse COherent

Projected Image DIFfuse [Ncoherent

Projected Image ScAttering Coherent

Projected Image ScAttering INcoherent

Projected Image SPecular and DIFfuse INcoherent

Projected Image SPecular COherent

Projected Image SPecular INcoherent

Projected Image SHadow INcoherent

Picture element

A flat disc with concentric black and white circles

Virtual image, seen when a pattern is refelcted by the eye
Scheimpflug correction. An optical technique to provide critical
focus for projections that are obliquely oriented to the optical axis
of the viewing system

A device in which all data are gathered simultaneously

Signal to Noise Ratio

Small molecular Strip

Small molecular Unit

Telecentric lens. A compound lens so constructed that the aperture
stop is located at the front focus. In this way the exit pupil is at
infinety.

Twyman-Green Interferometer

television

UltraViolet
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Introduction

The optical part of the eye consist of a succession of transparant tissues with different
refractive indices. The first transition, from air to tear film, causes the largest optical
density step and the tear film coated cornea is therefor the most important refracting
surface,

Considerably progress has been made in the optical correction of this first surface by
refractive surgery as well in manufacturing of contact lenses. Modern computer assist-
ed lathes are able to made, besides spherical and aspherical fittings, torical (barrel
shaped) fittings and corrections and fittings that are extended to the shape of the adja-
cent tissues (limbal area and sclera). With these developments the demand for a topog-
rapher that can measure the topography of the entire anterior eye has become impor-
tant.

The aim of this study concerns the development and evaluation of an instrument that
can fulfill this task. Measurement should also be feasible on irregular corneal and adja-
cent surfaces.

The thesis consist 7 chapters and an appendix consisting the patent in which the devel-
oped anterior eye topographer is described.

In the first chapter the aims of this study are defined and the principles employed in the
construction of the "Maastricht Shape Topographer" {MST) are presented.

The second chapter presents an overview of scientific literature- and patent-research and
describes a large number of corneal topography techniques. These techniques are cate-
gorized in 12 groups according to their use of light source and light matter interaction,
The MST is also included in this scheme.

The MST uses sodium fluorescein as a fluorescent agent to alter the specular reflecting
surface in a diffusely radiating surface. The characteristics of this label investigated with
phantom studies and investigated under in vivo circumstances are described in chapter
3.

In chapter 4 a description of the patent on the MST is given to elucidate the complicat-
ed original text. The MST collects height data from the anterior eye, by means of stereo-
scopically projected, paralle] fringes that are recorded with a CCD camera placed
between the two projectors. The resolution in heigth is + 5 pm and the lateral resolution
is about 40 x 30 umz, being the size of a camera pixel (picture element) projected on the
eye.

Chapter 5 demonstrates the technical performance of the MST, using simplified eye
models. The aim was to validate the ability of the MST to measure height over a wide
area. Phantom studies and one in vivo study on a human eye show that meridians (cross-
sections) of 17 mm wide could be measured.

A clinical evaluation of the MST has been performed at the St. Thomas' Hospital in
London, UK. This study is described in chapter 6. Measurements were carried out on
patients with corneal pathologies and patients who underwent photorefractive surgery.
The measurements were made with both the MST and a commercially available
Purkinje image-based Computer Assisted VideoKeratoscope (CAVK). Some preliminary
results of clinical evaluation in Rotterdam and Maastricht are presented.

In the last chapter the nature and accuracy are discussed from the on the surface local-
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jized measurements with the MST vs the measurements done with an on specular
reflection based system.
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Samenvatting

Samenvatting

Het optisch gedeelte van het oog bestaat uit een opeenvolging van transparante weefsels
met verschillende brekingsindex. De eerste overgang, van lucht naar traanfilm, veroor-
zaakt de grootste optische dichtheids stap, reden waarom het met een traanfilm bedek-
te hoornvlies het belangrijkste brekende oppervlak is.

Zowel op het gebied van micro-chirurgische oogheelkundige technieken als op het
gebied van de fabrikage van contactlensen is er de laatste decennia een aanzienlijke
vooruitgang geboekt. Moderne computergestuurde draaibanken kunnen nu naast sferi-
sche- en asferische-pasvormen ook torische (tonvormige) pasvormen maken alsmede
correcties en pasvormen die zijn uitgebreid om ook aan te sluiten op de aangrenzende
weefsels als de overgang van hoornvlies naar het oogwit (“limbus") en het oogwit zelf
("sclera"). Door deze ontwikkelingen is er behoefte ontstaan aan een topograaf die de
vorm van het gehele voorste cogsegment kan meten.

Het doel van dit onderzoek is de ontwikkeling en evaluatie van een instrument dat deze
taak kan vervullen. Ook onregelmatige hoornvlies- en aangrenzende-oppervlakken moe-
ten gemeten kunnen worden.

Het proefschrift bevat 7 hoofdstukken en een appendix waarin het octrooi van de topo-
graaf is opgenomen.

In het eerste hoofdstuk worden de doelen van het onderzoek gedefinieerd en de
gebruikte principes voor de ontwikkeling van de "Maastricht Shape Topographer"
(MST) uitgelegd.

In het tweede hoofdstuk wordt een overzicht gegeven van het wetenschappelijk litera-
tuur- en octrooi-onderzoek en er worden een groot aantal technieken beschreven. Deze
technieken zijn onderverdeeld in 12 groepen overeenkomstig het gebruik van de licht-
bron en de licht - materie interactie. In dit overzicht is de MST eveneens opgenomen.
De MST gebruikt fluoresceine als middel om het spiegelend reflecterende traanopper-
vlak om te vormen tot een diffuus stralend oppervlak. De eigenschappen van fluores-
ceine onder laboratorium omstandigheden en in vivo zijn onderzocht en beschreven in
hoofdstuk 3.

In hoofdstuk vier wordt een beschrijving van het octrooi op de MST gegeven om de
gecornpliceerde originele tekst te verduidelijken. De MST verzameld hoogte-gegevens
van het voorste vogsegment, door middel van stereoscopisch geprojecteerde, evenwijdi-
ge franjes die met een CCD-camera die tussen de twee projectoren in geplaatst is wor-
den opgenomen. De locale hoogte resolutie is + 5 um and de laterale resolutie is onge-
veer 40 X 30 umz, overeenkomstig de afmeting van een CCD pixel {picture element)
geprojecteerd op het cogopperviak.

Hoofdstuk 5 laat aan de hand van vereenvoudigde nogmodellen de technische kwaliteit
van de MST zien. Het doel was om na te gaan of de MST de hoogte over een groot
gebied kan meten. Metingen aan de modellen en in een in vivo meting aan een humaan
oog tonen aan dat meridianen (doorsneden) over een rymm gebied kunnen worden ver-
kregen.

Een klinische evaluatie van de MST was verricht aan het St. Thomas' Hospital in
Londen. Deze evaluatie is beschreven in hoofdstuk 6. Ogen van patiénten met hoorn-
vlies aandoeningen en van patiénten die fotorefractaire chirurgie ondergingen, waren
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onderwerp van dit onderzoek. De metingen werden zowel met de MST gemaaki als met
een commercieel verkrijgbare computer ondersteunde topograaf die gebaseerd is op
spiegeling van concentrische ringen (Placido schijf techniek) via de traanfilm. Tevens
zijn in dit hoofdstuk enkele eerste resultaten van klinische evaluaties uitgevoerd in
Rotterdam en Maastricht beschreven.

In het laatste hoofdstuk worden de op het oogoppervlak gelocaliseerde MST metingen
vergeleken met metingen verricht met een op spiegelende reflectie gebaseerd systeem.
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Allen die hun bijdrage aan dit promotiewerk leverden bedanken lijkt mij een loffelijk
streven. Voor een 4 jaar durende promotie periode is het aantal hulpverleners nog te
overzien. Voor het corneatopografie project dat reeds in 1985 startte is dit aanzienlijk
lastiger. Daarom begin ik met de op deze plaats met de hier niet met name genoemden
te bedanken.

De tijdspanne waarin dit proefschrift tot stand gekomen is kent twee stromen, een aca-
demische en een medisch-technische stroom. De bron van de acadernische stroom is
prof. dr Martin van Gemert. Beste Martin jij was de eerste die mij met het stoutmoedig
plan om te promoveren confronteerde. Dat heeft nogal wat onrust bij me veroorzaakt
waarvoor ik je zeer dankbaar ben. Prof.dr Fred Hendrikse heeft me actief geholpen om
deze onrust weg te werken en het pad gebaand tot toelating tot de academische promo-
tie. Beiden zijn dan ook tot mijn vreugde mijn promotor geworden. Om deze weg in te
slaan als niet academicus is lastig. Gelukkig heeft dr Herman Kingma mij de eerste
beginselen bijgebracht om tot de samenstelling van dit proefschrift te komen.

De bron van de medisch-technische stroom is ir Bas Naastepad, toenmalig directeur van
de Stichting Medische Technologie. Bas heeft mij in 1985 gevraagd om een "keratome-
ter" te ontwikkelen. Ver stroomopwaards tijdens een PAOG bijeenkomst kwam ik
Margo Beintema, oogarts tegen, die me een lift terug aanbood en me aanmoedigde de
banden met de Afdeling Oogheelkunde in Annadal verder aan te halen. Zonder Bas en
Margo was ik, veel later, niet in de gelegenheid geweest om dit boekje te schrijven.
Dankzij de hulp van Klaas de Boer kon al gauw een eerste prototype getest worden. Bas
Peters, nu inmiddels drs ing, was mij behulpzaam met de validatie van deze voorloper
van de “Maastricht Shape Topographer". In een latere fase droegen de HTS studenten
Etiene van Daelen, Hans van der Logt en Emile Goosens hun steentje bij. Na de aan-
vankelijk voorspoedige technische voorigang kwam er een periode van stagnatie. Het
bleek zeer lastig om op basis van het analoog werkende apparaat een commerciéle part-
ner te vinden. Drs John Vossen, dr Loek Kreukels, drs, later dr René Vleugels, dr Nick
Sassen en drs Erik Boom speelden hierin, uiteindelijk met succes, een actieve rol.

Het CvB van de toenmalige RL en de respectievelijke voorzitters van de Afdeling
Oogheelkunde, prof.dr Wiel Lamers en prof.dr Fred Hendrikse, hebben er ruimhartig
voor gezorgd dat een financieel moeilijke periode werd overbrugd. Hierdoor kon onder
leiding van René Vleugels een professioneel prototype gebouwd worden.

Mijn toenmalige kamergenoot dr George Willems opperde het idee om Fourier analyse
voor de dataverwerking te gebruiken. Hier ging drs ing Fons Laan enthousiast mee aan
de gang en wist ondanks de werkzaamheden verbonden aan zijn promotie, de eerste
Fourier analytisch berekende hoogtekaarten te produceren. Prof.dr john Marshall,
hoofd van de Eye Clinic in het St. Thomas' Hospital in Londen was geinteresseerd
geraakt in onze topograaf en bood ons hulp aan bij de Klinische evaluatie. Het was aan
ing Bertho Stultiens te danken dat een compleet werkend apparaat op tijd voor ver-
scheping naar Londen gereed kwam. Hierbij werd hij ondersteund door een klein team,
waaronder Hans van der Voort, die de mechanica verzorgde. Klaas Ferweda, industrieel
vormgever zorgde voor een originele behuizing in prachtig grijs en blauw zoals de kleu-
ren van een Citroén uit de Goer jaren.
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Bertho werd zo geboeid door het onderwerp, dat hij zich, tot grote vreugde van de eva-
luatiegroep in Londen, ook met de wetenschappelijke kanten van het onderzoek ging
bezig houden. Daarnaast bleek Bertho's interesse in de zakelijke kanten waar hij echter
minder enthousiaste respons ontving. Ik ben er trots op dat hij uiteindelijk voor de
wetenschap gekozen heeft en nu een proefschrift mag voorbereiden met corneatopo-
grafie als onderwerp bij prof.dr N. Ehlers in Arhus, Denemarken.

Dr Melanie Corbett van het St Thomasis Hospital in Londen heeft met haar klinische
evaluatie van de MST een onmisbare bijdrage aan het onderzoek geleverd. Dat laatste
geldt ook, en mogelijk in nog sterkere mate, voor drs John de Brabander. John heeft zich
als contactlensspecialist in het Academisch Medisch Centrum te Amsterdam intensief
met het aanpassen van bijzondere contactlenzen op bijzondere ogen m.b.v. de MST
beziggehouden. Ook John werd door het heilige vuur gegrepen en heeft zich nu
geschaard bij het Maastrichtste team. Hij heeft nu, als eerste medewerker van het Eye
Research Institute Maastricht, de MST geincorporeerd in zijn promotieonderzoek "Met
het cog op contactlenzen”. John heeft ook op andere wijze een bijdrage geleverd aan de
totstandkoming van dit proefschrift. Vooral tijdens het schrijven kon ik vaak met hem
overleggen over de vorm en inhoud van mijn dissertatie. Eveneens betrokken bij de kli-
nische validatie van de MST was Titia Hieselaar, toen nog oogarts in opleiding. Ook is
zij actief geweest bij de verkoop van de licentierechten op het octrooi door met succes
een demonstratie van de MST in Washington te verzorgen. Ik denk nog met veel plezier
aan ons zonnige weekend met Erik Boom in Washington terug.

Ook de vele hulpvaardige handen uitgestoken vanuit de Instrumentele Dienst van de
UM, ik denk hierbij in het bijzonder aan Jeroen Hameleers die menig probleem voor
me kon oplossen, waren onmisbaar om het project tot een goed einde te brengen. De
ondersteuning van Ellen Timmermans, Sasscha Nix, Marian Jansen en Chantal Rosier
tijdens de afronding van mijn promotiewerk had ik niet graag gemist. In deze periode
heeft ook Marion Meulendijks zich onderscheiden door, ondanks haar drukke werk-
zaamheden met oogheelkundige fotografie, ons toe te staan om de spleetlamp af en toe
grondig te verbouwen voor ons onderzoek.

Soms is het een verrassende kleinigheid die iemand bijdraagt. Ik denk hierbij aan Puck
Muller die een van haar prachtige ravezwarte haren ter beschikking stelde voor de
wetenschap.

Ten slotte dank ik allen die mijn proefschrift kritisch hebben gelezen en van commen-
taar voorzien in het bijzonder mijn promotor Martin van Gemert die hiervoor zelfs een
week van zijn vakantie opofferde. In dit kader wil ik ook de anonieme referenten van de
in dit proefschrift opgenomen artikelen danken evenals ir A. Plaisier, die mij geholpen
heeft met het schrijven van het octrooi en de verdediging van de conclusies voor de
Europese, Amerikaanse en Japanse "examiners".

Een fase waarvan het belang door mij aanvankelijk onderschat werd, was de beoorde-
ling door de beoordelingscommissie. Vele waardevolle opmerkingen mocht ik ontvan-
gen van de externe inhoudsdeskundigen dr ir Chris Velzel en dr Rob van der Heijde. De
interne beoordelaars prof.dr Luc Snoeckx, prof.dr ir Arnold Hoeks en in het bijzonder
prof.dr Wim Hermens, voorzitter van de commissie, hebben er in aanzienlijke mate aan
bijgedragen dat dit proefschrift ook voor "leken” wat toegankelijker werd. Tenslotte
heeft Bob Wilkinson mijn Engels ontcijferd en in echt Engels omgezet.
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De vormgeving van het proefschrift is op een hoger plan gekomen dankezij Peggy
Bisschoff wat betreft algemene lay out en Geertjan van Zonneveld die de omslag ont-
wierp.

Als laatste in deze chronologische opsomming wil ik mijn lieve Magda bedanken voor
haar altijd weer opgewekte morele ondersteuning tijdens mijn promotiewerk ondanks
de vele avonden en enkele nachten die ik soms letterlijk maar vaak figuurlijk "niet
thuis” was.
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Curriculum vitae

Franciscus Hermanus Maria Jongsma was born in the Hague on May 21, 1938. In 1962
he received the certificate for Technical and Scientific Photography at the School of
Photography and Phototechnique, the Hague. He is presently scientist at the University
Hospital and staff member of the Department of Ophthalmology, University
Maastricht/University Hospital Maastricht.

He is married to Magdalena Wenderickx and is father of two daughters, Hanneke and
Sophia.
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