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This paper describes a new method for determining corneal surface detail utilizing a modified Zeiss photo slit
lamp. This system projects a grid onto the cornea through a cobalt blue filter. The tear film is stained with
fluorescein, causing the projected grid pattern to be visible on the corneal surface. A video image of the grid is
then digitized by an image processor which calculates surface detail by evaluating the distortion of the grid
lines. Information on curvature and surface detail is obtained across the full corneal surface, both the central
optical axis and peripherally beyond the limbus.

1. Introduction

In recent years there has been increased interest in
both qualitative and quantitative measurements of
corneal topography, particularly related to keratore-
fractive procedures. Since keratorefractive proce-
dures correct the refractive error of the eye by altering
the curvature of the corneal surface, topographic mea-
surements of the corneal curvature are important in
planning, performing, and assessing the effect of these
procedures. Corneal topography has proved of value
in predicting the result of radial keratotomy,1 evaluat-
ing the design of epikeratophakia for myopia, 2 diagno-
sis and staging of keratoconus, 3 and guiding suture
removal after corneal transplantation. 4

Previously reported photographic methods3'5 are
based on the keratoscopic disk system described by
Antonio Placido and further refined by Gullstrand.6
This keratoscopic system consists of a series of black
and white concentric rings on a circular disk. When
this disk is placed in front of the eye, the rings are
reflected by the corneal surface and their position, size,
and spacing in the reflected image are determined by
the corneal shape. Current commercial systems uti-
lize illuminated concentric circular rings surrounding
a viewing port through which photographs are taken.
If the cornea is spherical, the rings appear round and
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regularly spaced [Fig. 1(a)]. If the cornea is oval or
astigmatic, the rings are oval and the spacing varies in
different axes [Fig. 1(b)].

These techniques, while providing a visual represen-
tation of the corneal surface, do not provide quantita-
tive information. Doss et al.7 has described a comput-
er program which calculates the corneal profile and the
optical power distribution on the corneal surface from
placido disk images. Klyce8 has developed computer
analyzing techniques for deriving quantitative infor-
mation about the corneal shape from keratoscope pho-
tographs and displaying the results both numerically
and graphically in easily understood forms.

Placido disk techniques for recording and quantify-
ing the corneal surface have certain limitations which
reduce their clinical usefulness. They do not extend
to the corneal periphery or do they provide informa-
tion about the most central portion of the cornea. In
addition, they will not work on corneas which do not
have the necessary qualities to reflect an image of the
disk due to conditions such as epithelial defects, scar-
ring, or highly irregular shape.

The current computer methods being used to obtain
quantitative measurements utilize photographic im-
ages acquired with the commercially available Placido
disk keratoscopes and are, therefore, subject to the
same limitations discussed above. The data are en-
tered into the computer by hand digitizing from these
photographs, requiring a considerable amount of time,
and the possible introduction of error during the digiti-
zation process.

We have adapted and refined a rasterstereographic
method 9 1 0 which obviates some of these problems.
Rasterstereography is a method of obtaining contour
or topographic information where one of the cameras
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Fig. 1. (a) Placido disk photograph of a normal spherical cornea
photographed with the sun photokeratoscope model PKS-1000. (b)

Corneal transplant patient with astigmatic central cornea.

in a stereophotogrammetric pair is replaced with a
light source which projects a grid of vertical parallel
lines onto a subject. Previously, rasterstereography
has been used for measuring large body surfaces, cur-
vature of the back, and reconstructive plastic surgery.

II. Methods and Results

In our method an image is projected onto the corneal
surface (Fig. 2) rather than reflected by it and thus is
not affected by surface defects and irregularities.
Also, the projected image covers the full cornea, in-
cluding the central optical zone and the limbus. The
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Fig. 2. Vertical grid projected on eye. Horizontal lines of black
dots are an artifact from a bad memory chip in the image processor.

image of the corneal surface is acquired electronically,
then digitized and analyzed by a computer imaging
system. The data obtained from analysis of these
images are displayed in easily understood formats.

A. Optical System and Computer Image Acquisition

The optical system consists of a Zeiss stereo photo
slit lamp which has been modified to be both a camera
and projection system (Fig. 3). This modification re-
quires that two cine elbows be mounted on the beam
splitter. Attached to one of these elbows is a black and
white video camera and to the other elbow a coaxial
illuminator/flash normally used with the slit system
but modified so that the illumination and flash project
through a Ronchi ruling mounted at the focus of the
optical system.
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Fig. 3. Schematic diagram of Zeiss microscope with beam splitter and projection system attached.
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When acquiring rasterstereographic images of the
cornea, the operator focuses the slit lamp in the same
manner as when taking photographs. The illumina-
tion required for focusing is provided from the illumi-
nator/flash unit through the cine elbow, beam splitter,
and internal slit lamp microscope optics and is project-
ed onto the cornea. When the system is in focus, the
operator triggers the flash, which follows the same
optical pathway. The flash provides sufficient light
intensity to acquire an image of the grid on the corneal
surface.

Because the cornea is a transparent nondiffusing
surface, the projected grid is not visible unless a diffus-
ing material is used to provide a surface on which an
image can be visualized. Bonnet 1 in 1962 sprayed
talcum powder on anesthetized corneas to obtain ste-
reo photographs of the cornea. We have substituted
fluorescein to stain the tear film. The flash illumina-
tor passes through a cobalt blue excitation filter (Zeiss
SE40) causing the stained corneal tear film to fluoresce
in an alternating light and dark grid pattern produced
by the Ronchi ruling. This image is then viewed by the
video camera through a yellow barrier filter (Zeiss
SB50) and digitized by the image processor (PAR
IS2000) 12 -15 for storage and analysis.

1. Computer Analysis
The position and spacing of the grating lines on the

cornea provide information for determining the corne-
al topography. The computer calculates the corneal
surface elevation trigonometrically by comparing the
horizontal displacement of the projected grid lines on
the cornea to the position of the grid lines when pro-
jected onto a flat plane. A 2-D matrix of elevation
points is created from these data. Horizontally the
number of data points is equal to the number of pro-
jected grid lines, while vertically the number of points
is limited only by the resolution of the video system.
To limit computer processing time we use a vertical
scaling which is proportional to the horizontal scaling.
When calculating elevations on a full cornea and
sclera, the spacing between matrix analysis points is
0.4 mm. Using higher magnification this distance can
be reduced to 0.1 mm. The matrix size is -35 horizon-
tal by 45 vertical for a total of >1500 elevation points
across the corneal surface.

The following computer programs have been devel-
oped to normalize the image, identify the grid lines,
calculate elevation data, and display the results. The
image of the grid varies widely over the eye (Fig. 4) with
low contrast areas, typically over the sclera, and high
contrast areas, over the iris and pupil. We first nor-
malize the intensity across the image. To do this the
maximum and minimum pixel intensity value is com-
puted over a width of neighboring pixels slightly larger
than one cycle of the grating. The minimum intensity
for the pixels measured is then subtracted from the
original pixel. Pixels in the vertical direction are not
used, since in a small section it would not aid in con-
trast measurement and would only increase the pro-
cessing time.

Fig. 4. Intensity plot of center line across cornea on top, normalized
below.

Similarly a localized contrast range for each pixel is
computed. Using this contrast, each pixel is then
scaled, as follows, to make a uniform intensity plot
across the entire line:

new value = (Lprev - Lmin) X (256/Lmax - Lmin),

where Lprev is the original value of pixel, Lmin is the
lowest value in the processing region, Lmax is the high-
est value in the processing region, and 256 is the de-
sired contrast range.

High values along the resulting intensity profile rep-
resent the center of each grid line. The precise loca-
tion of this point is determined by finding the horizon-
tal position of a sine wave (the image of the grating
contains only small amounts of the higher harmonics),
which provides the minimum root mean square error.
This technique locates the center of each projected line
to better than a single pixel. The computer displays a
red dot at the nearest pixel to confirm its interpreta-
tion of the center of each grid line.

B. Detection of Elevation Matrix

Any section of the grid line can be used as the refer-
ence point for elevation calculations. A reference
plane is then placed through this point perpendicular
to the optical axis of the stereo optics. The apex of the
cornea was chosen as the reference point because clini-
cally the central cornea is the region of most interest.

Grid spacing on a flat plane is a known constant 1 6

(SP), any elevation or depression from this plane will
deviate the grid line according to the formula

deviation of grid = (lines shifted X SP) - horizontal distance,

where lines shifted is the number of grid lines, positive
or negative from the reference line to the line to be
measured, SP is the grid spacing constant as projected
on a flat plane, and the horizontal distance is the
distance measured on the horizontal plane from the
reference point to the point on the line to be measured.

The trigonometric solution to calculate the elevation
at each of the matrix points from deviations of the grid
line is given schematically in Fig. 5 using the formula

elevation = [(deviation of grid/sine a) X cos 0/magnification ratio,
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Fig. 5. Schematic diagram showing grid lines displaced on cornea
from assumed normal position and trigonometric solution for eleva-

tion.

Fig. 7. Contour plot of cornea. Each line represents an elevation
change of 0.1 mm.

Fig. 6. Orthogonal view of normal cornea on left; same cornea with
common curve removed on right.

where a equals the angle between the projected grid
and viewing optics, is one-half of the angle of a, and
the magnification ratio is the number of pixels per
millimeter of the original image.

The greater the elevation of the cornea (the closer it
comes to the projection and imaging lens) the greater a
grid line deviates toward the projection lens side, or to
the left in this case. The matrix point elevations that
are calculated from that line are also moved propor-
tionately to the left. This matrix can then be stored
for future use or processed for further image analysis.

C. Curvature Calculations

The computer displays a cross-sectional view of the
cornea along any axis by plotting the elevation points
of the matrix along any particular line. The radius of
curvature is calculated by using the simplex computer
algorithms to best fit an arc to the elevation points.
Using the same method, curvatures can be determined
for any axis, either for the average across the full cor-
nea or for a small portion of it.

D. Display Methods

Using the matrix file, the image can be represented
in several forms. Standard graphics processing tech-
niques18 can be used to rotate the cornea around the X
or Yaxis. Figure 6(a) shows the cornea rotated 800 to
the right to view the corneal shape across the bridge of
the nose. Here one can see the tear film curve up to the

Fig.8. 2.5X optical magnification of the center of the cornea before
processing. Each contour line represents 0.0125 mm in elevation.

Fig. 9. Contour plot of a cornea with astigmatism.

lower lid. Figure 6(b) shows the same cornea from the
same angle, but the common curve of the cornea has
been subtracted out to accentuate distortions from a
spherical shape, as reported by Klyce.8

Contour plots of the cornea are shown in Figs. 7, 8,
and 9. Although they appear similar to placido disk
photographs, these are maps of equal height areas of
the cornea. The numbers represent the height in mil-
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limeters between points along that line and the highest
point on the cornea. In Figs. 7 and 8 the difference
between each contour line is 0.1 and 0.0125 mm respec-
tively.

The image used to obtain the data in Fig. 8 was
magnified 2.5X the image used for Fig. 7. Thus only the
central 3 mm of the cornea is shown. However, the
detail of the elevation changes has been increased pro-
portionately. Figure 9 shows a full cornea of a patient
with astigmatism.

E. Calibration

The system was calibrated using four steel balls as a
standard. The balls were spray painted to provide a
nonreflective surface and then measured with a micro-
meter. To determine the accuracy and reliability of
curvature measurements, the balls were photographed
4 times each using the projected grid. The images
were then processed to find the radius of curvature,
and the resulting data are plotted in Fig. 10. The
average error of the sixteen measurements was 0.060
mm with a range of +0.11 to -0.16. For the balls of
larger radius the image processor tended to overesti-
mate the true curvature, while it tended to underesti-
mate the curvature of the smallest ball. For each ball
the range of measurements was 0.10 mm or less.

Ill. Discussion

The accuracy of this method is dependent on several
variables: system resolution; magnification; the angle
between the projected image and the viewing optics;
and the number of projected lines. The smallest por-
tion of a digitized image is the pixel. As the magnifica-
tion of the corneal image increases, or the resolution of
the video system increases, the change in depth repre-
sented by each pixel is reduced, increasing the accura-
cy of the measured displacement of the grid.

The accuracy of the topographic measurement is
proportional to the angle of separation between the
projected image and the viewing optics. As the angle
of separation between the projected grid and the cam-
era increases, so does the sine of the angle, which is
used to determine corneal surface elevation, making
the depth represented by a 1-pixel change in displace-
ment of the grid smaller. However, at the same time,
increasing the angle of separation causes more of the
grid lines to fall on the projection side of the cornea,
possibly diminishing the accuracy of the system on the
total cornea. This effect is exaggerated for demon-
stration purposes in Fig. 5. Due to these contrasting
effects, at this time it is not certain whether changes in
the angle of separation would be beneficial. Also, the
advantage of working with well-proved stable equip-
ment such as the Zeiss slit lamp or operating micro-
scope outweighs small increases in accuracy that might
be achieved with these alterations.

Increasing the number of lines projected onto the
cornea could easily be achieved by changing the etched
grid in the projection system (Fig. 2). Doubling the
density of the grid lines would result in an increase in
the number of elevation points in the matrix from 1500
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Fig. 10. Graph comparing grid curvature measurements with mi-
crometer readings; four points plotted for each steel ball.

to 6000. It is not yet clear how much resolution is
necessary or whether further detail would provide clin-
ically useful information.

Occasionally the tear film was insufficient or the
fluorescein stain dispersed too rapidly, making it im-
possible to obtain an image. To overcome this prob-
lem, the fluorescein was then mixed with a solution of
methylcellulose and artificial tears; this mixture per-
sists long enough to acquire images of the corneal
surface.

IV. Conclusions

Determining corneal topography using rasterstereo-
graphic images is a new technique that has several
advantages over the more traditional systems current-
ly being used. Full corneal measurements are obtain-
able as well as more detailed measurements of the
central cornea or other areas. Images can be obtained
from corneas with irregular or nonreflective surfaces.
Quantitative measurements of curvature appear to be
accurate to within 0.10 mm over a wide range of curva-
tures from 4.6 to 8.0 mm. However, the deviation is
greatest at the extremes of this range. For an average
sized eye, with a radius of curvature of 7 mm, the
accuracy is 0.04 mm, which is equivalent to -0.3 diop-
ters.

The system currently utilizes the optics of a Zeiss slit
lamp for grid projection and image acquisition. The
camera and projection system is mounted on the stan-
dard beam splitter normally used for photography.
This system adapts easily to a Zeiss operating micro-
scope making it possible to obtain images intraoperati-
vely without cumbersome attachments.
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